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INTRODUCTION

Everything (or Almost Everything)
You Want to Know about Genetically
Modified Mosquitoes for Malaria Control
but Are (Maybe) Afraid to Ask

Despite a century of research and attempts to control one of the dead-
liest foes of mankind, the malaria situation remains a major public
health problem.1 Obviously biological explanations (the resistance

of parasites and mosquitoes against available drugs and insecticides respec-
tively) are often given, but they remain partial and incomplete. Indeed, the
deterioration of socio-economic conditions due to the policies imposed on
many developing countries by international financial institutions, such as
the structural adjustment programmes and the mechanism of debt, plays an
important role in the malaria situation and its evolution.2

In the last decade, molecular biology has been a source of great hope
for creating genetically-modified mosquitoes able to resist the malaria para-
site.3 If technical progress permits confidence in the creation of such
non-vectors, many questions remain open concerning the putative success
of their deployment and the resultant reduction of malaria transmission.
Indeed the understanding of the coevolutionary processes underlying ma-
laria/mosquito interactions is crucially lacking despite its enormous impor-
tance.4 Moreover, when discussing transgenic mosquitoes, one critical point
is the spread of the allele conferring resistance in mosquito populations en-
suring the replacement of one or several populations of vectors able to trans-
mit malaria by (theoretically) unable one(s). However, invading a whole popu-
lation of mosquitoes with a transgene (composed with an allele conferring
malaria-resistance and a driving system) is unlikely to be an easy task, it will
at least depend on the population structure5 and on the quality of the driver.6

Alongside this, it appears that the spread of refractoriness itself is necessary
but not sufficient as interactions between the allele of interest, the parasite
and the environment may affect refractoriness 7 and thus limit the expected
success in terms of malaria control. Indeed the aim of a release of transgenic
mosquitoes is not the spread of an allele of interest in mosquito populations
but a real decrease in the malaria burden, it seems then crucial to have a look
at the possible consequences of such a release. How does a reduction in
malaria transmission affect the epidemiology of the disease?8 What could be



the evolutionary consequences in terms of the virulence of the parasite?9

Thus it appears that the idea of using GM mosquitoes opens up more ques-
tions than answers and calls for some rethinking in malaria biology.10 Fi-
nally, if the mainstream perspective concerning the use of transgenic mos-
quitoes is dealing with spreading refractoriness in wild populations of mos-
quitoes, little has been done about methods for affecting the mosquito-host
interactions whether it be with GM technology or using more conventional
methods.11 However, prior to any release of transgenic insects, numerous
ethical, legal and social questions12,13 are still pending and questioning the
interest of such a high-tech method for malaria control and its societal im-
plications seems highly necessary.14

Christophe Boëte, Ph.D.

References
1. Théra MA, Djimde AA, Dicko A et al. Malaria situation in the beginning

of the 21st century. In: Boëte C, ed. Genetically Modified Mosquitoes for
Malaria Control. Georgetown: Landes Bioscience, 2006; 1:1-15.

2. Castro J, Millet D. Malaria and structural adjustment: Proof by contra-
diction. In: Boëte C, ed. Genetically Modified Mosquitoes for Malaria
Control. Georgetown: Landes Bioscience, 2006; 2:16-23.

3. Catteruccia F, Brown AE, Petris E et al. Development of a toolkit for
manipulating malaria vectors. In: Boëte C, ed. Genetically Modified Mos-
quitoes for Malaria Control. Georgetown: Landes Bioscience, 2006;
3:24-35.

4. Little TJ. Immune system polymorphism: Implications for genetic engi-
neering. In: Boëte C, ed. Genetically Modified Mosquitoes for Malaria
Control. Georgetown: Landes Bioscience, 2006; 4:36-45.

5. Simard F, Lehmann T. Predicting the spread of transgene in African ma-
laria vector populations: Current knowledge and limitations. In: Boëte C,
ed. Genetically Modified Mosquitoes for Malaria Control. Georgetown:
Landes Bioscience, 2006; 5:46-59.

6. Curtis CF, Coleman PG, Kelly DW et al. Advantages and limitations of
transgenic vector control: Sterile males versus genes drivers. In: Boëte C,
ed. Genetically Modified Mosquitoes for Malaria Control. Georgetown:
Landes Bioscience, 2006; 6:60-78.

7. Boëte C. Malaria-refractoriness in mosquito: Just a matter of harbouring
genes? In: Boëte C, ed. Genetically Modified Mosquitoes for Malaria Con-
trol. Georgetown: Landes Bioscience, 2006; 7:79-88.

8. Reyburn H, Drakeley C. The epidemiological consequences of reducing
the transmission intensity of P. falciparum. In: Boëte C, ed. Genetically
Modified Mosquitoes for Malaria Control. Georgetown: Landes Bioscience,
2006; 8:89-102.



9. Ferguson HM, Gandon S, Mackinnon MJ et al. Malaria parasite virulence in
mosquitoes and its implications for the introduction and efficacy of GMM ma-
laria control programmes. In: Boëte C, ed. Genetically Modified Mosquitoes for
Malaria Control. Georgetown: Landes Bioscience, 2006; 9:103-116.

10. Chevillon C, Paul RE, de Meeûs T et al. Thinking transgenic vectors in a popu-
lation context: Some expectations and many open-questions. In: Boëte C, ed.
Genetically Modified Mosquitoes for Malaria Control. Georgetown: Landes Bio-
science, 2006; 10:117-136.

11. Takken W, Costantini C. The genetic of vector-host interactions: Alternative
strategies for genetic engineering for malaria control. In: Boëte C, ed. Geneti-
cally Modified Mosquitoes for Malaria Control. Georgetown: Landes Bioscience,
2006; 11:137-145.

12. Touré YT, Knols BGJ. Genetically-modified mosquitoes for malaria control:
Requirements to be considered before field releases. In: Boëte C, ed. Genetically
Modified Mosquitoes for Malaria Control. Georgetown: Landes Bioscience, 2006;
12:146-151.

13. Macer D. Ethics and community engagement for GM insect vector release. In:
Boëte C, ed. Genetically Modified Mosquitoes for Malaria Control. Georgetown:
Landes Bioscience, 2006; 13:152-165.

14. Boëte C. Transgenic mosquitoes for malaria control: Time to spread out of the
scientific arena. In: Boëte C, ed. Genetically Modified Mosquitoes for Malaria
Control. Georgetown: Landes Bioscience, 2006; 14:166-170.



CHAPTER 1

Malaria Situation in the Beginning
of the 21st Century
Mahamadou A. Théra, Abdoulaye A. Djimdé, Alassane Dicko,
Mahamadou Diakité, Kassoum Kayentao, Boubacar Traoré,
Amagana Dolo and Ogobara K. Doumbo*

Introduction

Falciparum malaria parasite, an avian-originated parasite, has probably coevolved
with human being (Homo sapiens) since the discovery of agriculture, around 20-30 000
years ago. The very devastating parasite disease has spread worldwide and killed millions

of people. This ancient disease became the subject of intensive research efforts when malaria
stood as an important obstacle to the expansion of the colonial army in Africa and malaria
endemic area in South East Asia and America. As a result, major progress in the understanding
and control of malaria was achieved during the 19th and the 20th centuries. The causative
agent of malaria was discovered in 1880 by Laveran.1 A dramatic advance in dissecting the life
cycle of malaria was achieved when Ronald Ross (working in India), Mico Bignami and Giuseppe
Bastianeli (working in Italy) showed in the late 1890s that mosquitoes transmitted the para-
site.2,3 The discoveries of a very potent insecticide dichloro-diphenyl trichloroethane (DDT)
and an extremely efficacious drug, chloroquine, generated much hope in the possible eradica-
tion of malaria and prompted the launch of an ambitious program for the worldwide eradica-
tion of malaria by WHO in 1955.4 The Program to eradicate malaria using DDT and chloro-
quine met with successes in some countries (mostly industrialized countries and in areas where
ecological conditions were less favorable to the anopheline vectors).5 However, largely because
of the development of mosquito resistance to DDT and the appearance and spread of P.
falciparum chloroquine resistance, the eradication program was abandoned in 1969.6 Further-
more, Sub-Saharan Africa countries with Anopheles gambiae s.l., the most competent vector
and an environment particularly favorable to malaria transmission, were excluded from the
eradication campaign.5 Subsequently, Sub-Saharan Africa has sustained the major burden of
malaria morbidity. Today, malariologists and health officials more modestly talk about “con-
trolling” the disease. WHO encourages and supports the creation of Malaria Control Programs
in endemic countries. The main goal is now to decrease the mortality and morbidity due to
malaria. The available tools include insecticide impregnated bed nets and a shrinking number
of effective antimalarial drugs.

When malaria affected industrialized countries including the United States and Europe, it
was among the best-studied infections.7 As the disease became eradicated or mostly controlled

*Corresponding Author: Ogobara K. Doumbo—Malaria Research and Training Center,
Department of Epidemiology of Parasitic Diseases, Faculty of Medicine, Pharmacy
and Odonto-Stomatology, University of Bamako, BP 1805, Bamako, Mali.
Email: okd@mrtcbko.org or okd@ikatelnet.net

Genetically Modified Mosquitoes for Malaria Control, edited by Christophe Boëte.
©2006 Landes Bioscience.
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in the most affluent countries, support for malaria research also diminished considerably.
Because of market forces, very few major pharmaceutical companies have active programs for
the development of new antimalarial compounds.8

Today malaria is reemerging in some of the places where it had been eradicated. And be-
cause ease of travel and the global economy are bringing the malarious areas closer than ever to
the rest of the world, there is an increasing mobilization of resources for malaria research and
control. Several new programs such as Roll Back Malaria (RBM), the Multilateral Initiative on
Malaria (MIM), the WHO/World Bank/UNDP Special Program on Tropical Disease Research
(TDR), the European Malaria Vaccine Initiative (EMVI), the Malaria Vaccine Initiative of the
Bill and Melinda Gates Foundation, Medicines for Malaria Venture (MMV), the European
and Developing Countries Clinical Trials Platform (EDCTP), have been launched in the past
few years and are drawing much needed resources into malaria research. Although an actual
impact of these programs on the daily lives of people suffering from malaria is still not satisfac-
tory, they carry much hope for a better future.

At the outset of the 21st century, malaria and other reemerging diseases are still posing the
greatest threat to human health, leading to the fatalistic feeling that there has been no change
for 200 years.

In this review we will explore the indicators used to assess the burden of malaria, review the
actual numbers on disease burden, and the specific target population at most risk for malaria.
We will then discuss the actual major control strategies and the challenge raised by para-
site resistance to anti malarial drugs. Further on, we will discuss the role of genetic factors on
malarial infection and malaria-induced immune responses, including different interaction with
different ethnic groups. And finally we will review perspectives for malaria control, focusing on
new areas of research offered by genomics and discuss the potential, hurdles and hopes for a
malaria vaccine. As African and researching new tools for malaria control, we believe that the
eradication campaign was a success where it was applied. A more powerful international
alliance in research for new tools and control for efficient application of existing tools will be
needed to move the parasite from its preferred environment in Sub-Saharan Africa. The only
way to significantly reduce malaria-related morbidity, mortality, neurological sequelae and
socio-economic burden in endemic countries is to achieve at least 80% coverage rate with the
existing control measures in their population. This will require a strong international commit-
ment and trustful partnerships at all levels.

Indicators and Malaria Burden

Malaria Indicators Outside Pregnancy
Clear, simple and meaningful indicators are important to describe and characterize malaria

morbidity and mortality and to assess the impact of control measures. Three types of epide-
miological settings are used to broadly describe the global situation of malaria: area with stable
endemic malaria, area with unstable malaria and area free of malaria.

Several indicators have been used to describe malaria burden in endemic areas. These
indicators are expressed in terms of prevalence or incidence, using clinical, parasitological and
molecular data or their combinations.

The prevalence of enlarged spleen (also called spleen index) in children of 2-9 years of age
proposed by the World Health Organization9 were first been used to classify the level of
malaria endemicity.5 Similar classification was proposed later using the prevalence of malaria
parasite in blood smears from children aged 2-9 years.10,11

A major advantage of these two indicators is the fact that they are easy to measure and
standardize. The fact that they do not always correlate with malaria morbidity and mortality
and the dynamic of malaria transmission in the overall population, constitute their major
disadvantage. Overall malaria morbidity may be higher in a lower endemic area than in areas
where malaria is hyperendemic due to the late onset of acquired immunity.12-15 Therefore
neither of these indicators was recommended for the evaluation of malaria control efforts.
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Successful interventions might well reduce the morbidity and mortality, without immediate
direct impact on parasite index or spleen index. Age specific incidence of malaria disease and
death from malaria provide a better estimation of malaria burden in an area and better reflect
the impacts of control efforts.

Malaria disease can be divided in two forms: uncomplicated malaria and severe malaria.
Severe malaria as defined by the WHO refers to person with asexual form of malaria parasite
with one of the following criteria: prostration, impaired consciousness, respiratory distress or
pulmonary edema, seizure, circulatory collapse, abnormal bleeding, jaundice, hypoglycemia,
hyperparasitemia, hemoglobinuria or severe anemia (defined as hemoglobin <5 g/dL or hema-
tocrit <15%).16 Majority of severe malaria cases are cerebral malaria and severe anemia or a
combination of the two.

Uncomplicated malaria is usually defined as the presence of parasites in the blood smear
associated with symptoms and signs consistent with malaria with none of the signs or
symptoms of severity listed above. The entity is difficult to define in malaria endemic area
because parasitemia is very common and the signs and symptoms are not specific to malaria.
Most common symptoms include fever, chills, sweating, headaches, muscle pains, spleen
enlargement nausea and vomiting.17-19 Because fever is the most common sign and temperature
can be measured and quantified easily, fever alone and fever plus parasitemia have been used to
define presumptive malaria and clinical malaria respectively. Statistical models to determine
threshold parasite density for malaria disease definition, which also allows computing
the attributable fraction of malaria, were proposed.20,21 While fever increases with increased
malaria parasite density in blood smears, different threshold of parasite density for malaria
fever have been reported depending on age, and the transmission intensity.22-25

The incidence of severe malaria in the other hand is much easier to define. The WHO
definition is the most widely used. The clinical presentations of severe malaria morbidity vary
with age and transmission intensity. Severe anemia is more common in younger children with
age of three years and less as compared to those in older age groups and in area of high perennial
transmission.26,27 Most commonly used indicators of malaria mortality include: malaria
specific mortality, malaria proportional mortality and malaria case fatality.

In addition to the above indicators of malaria burden, recently environmental indicators
have been proposed to describe the pattern of malaria transmission. The new tools of remote
sensing (RS) and Geographical Information System (GIS) served to integrate information on
various environmental factors including climate and altitude. This approach was used success-
fully by the MARA (Mapping Malaria Risk in Africa, www.mara.org.za/trview_f.htm, accessed
on October 10, 2005) project to map the different levels of malaria transmission and also
served to predict rather reliably, occurrence of malaria epidemics in given areas.

Malaria Indicators during Pregnancy
If the above-described indicators are useful to describe the burden of malaria in children,

they fail to fully capture the burden of malaria during pregnancy. Malaria affects pregnant
women depending on the intensity of transmission, the mother’s immunity to malaria
infection and the number of previous pregnancies. In areas of low transmission, pregnant
women are more susceptible to acute malaria, which may result in spontaneous abortions, stills
birth, death of the mother. Chronic manifestations such as anemia and placental malaria are
less common.28 In areas of stable transmission, pregnant women are more likely to develop
chronic disease such as anemia, placental infection which both may subsequently lead to low
birth weight,29,30 which in turn is an important contributor to neonatal mortality.31 Indicators
of malaria during pregnancy should include anemia. Mild anemia causes prematurity and fetal
intra-uterine growth retardation, while severe anemia may lead to maternal and fetal mortality,
women being more at risk during their first pregnancy. Placenta is a preferential setting for
parasites sequestration and development.32 Parasite multiplication within the syncitiotrophoblast
alters placenta structure and leads to decreased flow of oxygen and nutrient from the mother.
This may provoke abortion, fetus grow retardation, low birth weight and prematurity which
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are important risk factors for infant mortality.33,34 Therefore, in addition to anemia, placental
infection rather than presence of parasites in peripheral blood and LBW should be used as
indicators to assess the impact of control measures targeting malaria during pregnancy.

Disease Burden
Because of poor health systems in Sub-Saharan Africa, the real burden of malaria is not

known.35 Using the best available source of data and novel analysis methods,36-38 recent
updated numbers on the burden of malaria acknowledged previous gross underestimation of
the toll Africans are paying to the plague. In 2000, it was estimated that 115,750,109 [95% CI:
91,242,971-257,956,670] episodes of malaria fever occurred among the 96 millions of under-five
children exposed in Sub-Saharan Africa.38 Among those, 544,427 cases [95% CI:
95,513-1,757,448] evolved to become severe malaria episodes and were admitted to hospital
for treatment. Given the very low attendance rate of clinics, the actual numbers of severe
malaria could be as high as double of the upper limit of the uncertainty interval. Malaria
specific mortality was estimated to be 803,000 [95% CI: 709,855-896,145] in 2000, in
Sub-Saharan Africa.39 Direct and indirect cost of malaria in Africa was estimated at more than
$2,000 millions, malaria being a major cause of economic and social poverty.35,40 Each year, 23
million pregnancies are at risk of malaria in Sub-Saharan Africa.41

The strengthening of health care systems and systematic routine documentation of morbidity
and mortality will allow more precise estimation of malaria burden in Sub-Saharan Africa.

Malaria Control
The objectives of current malaria control strategies are to reduce mortality and morbidity

due to malaria. Appropriate strategies vary according to the epidemiological setting and the
resources available. The global strategy for malaria control adopted at the WHO ministerial
conference in October 199242 recommended: (1) Early diagnostic and prompt treatment, (2)
Planning and implementation of preventive, selective and sustainable vector control measures
such as use of insecticide impregnated materials, (3) Detection and prevention of epidemics,
(4) Strengthening local capacities in basic and applied research to permit and promote the
regular assessment of the country’s malaria situation, in particular ecological, social, and
economical determinants of the disease. Because the malaria situation varies from country to
country and even within the same country controls strategies should custom-made based on
local epidemiological characteristics.

Our review will mainly focus on issues related to antimalarial treatment and innovative
preventive approaches for pregnant women. Issues related to vector control measures are
addressed elsewhere in this book.

Treatment is a critical component of malaria control. It prevents death from malaria disease.
The efficacy of this strategy depends largely on the drug efficacy and availability. The resistance
of Plasmodium falciparum to chloroquine and other affordable drugs such as sulfadoxine-
pyrimethamine and amodiaquine constitute one of the most serious threats to malaria con-
trol. Trape et al43 have reported an increase in malaria mortality, thought to be primary due to
the parasite resistance to chloroquine. Resistance to these affordable drugs has triggered impor-
tant efforts to develop new drugs and to combine antimalarials so that they are more effective
and delay the development of resistance. In addition tremendous efforts have explored the
mechanisms of resistance to drugs with the aims to develop tools to easily monitor the dynam-
ics of the resistance phenomenon worldwide. Molecular markers for monitoring of resis-
tance to chloroquine and to sulfadoxine-pyrimethamine, the most affordable antimalarial drugs,
have been proposed.44-49 Such markers can be extremely useful tools for national malaria
control program and allow evidence-based decision making with regards to antimalarial drug
policy.

WHO now recommends combination therapy as treatment policy for falciparum malaria
in all countries with resistance to choloroquine and/or sulfadoxine-pyrimethamine. Use of
combinations of antimalarials to treat malaria disease not only is effective but also delays the
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development of the resistance of malaria parasites to these drugs. Artemisinin-based combina-
tion therapies (ACTs) are highly efficacious drugs against choloroquine resistant falciparum
malaria in various regions50-52 offer an additional benefit of reducing the gametocytes carriage
and possibly malaria transmission.53,54 According to the World Malaria Report (2005) more
than 40 malaria-endemic countries (including 23 African countries) have adopted ACTs. It is
expected that more countries will adopt the ACTs in the next few years. However, even though,
ACTs are very efficacious and are being adopted as first or second line antimalarial therapies in
endemic countries with resistant falciparum malaria, many challenges remain to insure prompt
and effective treatment of malaria in malaria endemic areas. Current challenges include: (1) the
production of sufficient quantity of ACTs under current Good Manufacturing Practices, to
treat all clinical malaria cases, (2) the delivery and availability of these drugs where needed
(including in rural areas) at a cost that can be supported by populations in malaria endemic
areas. Potential problems include the possibility of unknown side effect with large and repeated
usage of the ACTs particularly in African countries and inappropriate use particularly during
the first trimester of the pregnancy.

Intermittent Preventive Treatment of Malaria (IPT)
Several studies have demonstrated the effectiveness of the administration of a curative dose

of antimalarial at set time intervals in preventing malaria during pregnancy.29,55,56 However, a
Tanzanian study showed that pregnant women were concerned about using sulfadoxine-
pyrimethamine as IPT during their pregnancy and this highlights the need of careful assessment
of local situations before large implementation of IPT.57 World Health Organization currently
recommends the use of IPT for pregnant women in all areas with stable transmission of
falciparum. It is now introduced in 26 countries in Africa (World Malaria Report 2005). Re-
cently, controlled clinical trials conducted in infants and children in area of high perennial or
seasonal transmission showed that intermittent preventive treatment reduced the incidence of
first malaria episode and severe anemia by more than 50%,58,59 was simple and should be
relatively easy to implement. Additional research on the best antimalarial to use, the best
treatment schedule, possible rebound effect and impact on the development of resistance of
the malaria parasites is needed.60

Genetic Susceptibility and Malaria
Experimental models in animals are of great value for the initial identification and

functional analysis of complex disease genes. But the final evidence for the involvement of
these genes in human diseases such as malaria must come from extensive genomic epidemio-
logical studies carried-out in several populations at most risk of the disease. African popula-
tions are the most genetically diverse in the world.61 This means that the study of the genetic
basis of resistance and susceptibility to important diseases, such as malaria, may be particularly
rewarding in Africa. In addition, Africa experiences many ethnic groups, between these, some
(e.g., Fula [or Peulh] in Burkina Faso and in Mali) are more resistant to malaria compared to
other ethnic groups.62,63 A key objective of research in human genomics is not only for medical
purposes, but also, for the basic understanding of malaria parasites and human coevolution.

One of the most complex issues of human genomics in malaria is to quantify the contribu-
tion of host genetic determinants in the variation in susceptibility to disease. Estimates of the
genetic contribution, that are relatively independent of environmental factors, have been
obtained from studies on twins. The risk of developing certain diseases (malaria, tuberculosis,
HIV/AIDS) showed a significant heritable component by comparing homozygous twins (who
are genetically identical) with dizygous twins (who are genetically related but not identical).
Such observations, in addition to several molecular data, have led to the view that genetic
factors play a role in almost all-human disease, even if the primary cause is environmental.64,65

Over the past few years, notable progress has been made using genetics as a tool towards the
discovery of loci encoding host susceptibility/resistance to malaria.66,67 Natural selection serves
to filter best fitted inherited genetic variation between individuals resulting in different ability
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to survive and reproduce successfully. In malaria endemic regions, most children present the
mild form of the disease. Only a small percentage of those infected develop severe or compli-
cated disease and consequently die of it. This is mainly explained by host resistance factors that
have evolved over several thousand years of selection under the pressure of high exposure to
falciparum malaria.68 Thus, genes that confer resistance to severe malaria are widespread in
populations in endemic areas such as Sub-Saharan Africa.

Red Blood Cells Polymorphism and Malaria
The coevolution of the parasite within its human ecological niche is the major factor that

generated polymorphisms in human red blood cell (RBC). Red blood cells polymorphisms
associated with malaria are structural changes of the β chain (β) of hemoglobin (type S, C, E or
F); abnormalities of globins chain synthesis (α and β thalassemia); deficiencies in red blood
cells enzymes (glucose-6-phosphate-dehydrogenase) and changes at the membrane of red blood
cell (Duffy antigens and ovalocutosis).69 WHO estimated that 5% of world population carries
abnormalities of red blood cells.70 More than 50 years ago, Haldane suggested that protection
against malaria was conferred to individuals by a form of thalassemia. Since, the observed
overlap in the geographic distribution of malaria with hemoglobinopathies and other red blood
cell disorders have been cited in support of the hypothesis that malaria has been an important
evolutionary force in the selection of these variants. Epidemiology and in vitro support
for the malaria hypothesis is best documented for the thalassemia71 and sickle hemoglo-
bin (HbS) within different regions of Africa, the Middle East, and Asia.66,72 Recent studies
showed that HbC is associated with protection from mild malaria in Burkina Faso73,74 and
from severe malaria in the Dogon of Mali in West Africa.75 Fairhurst et al,76 showed that
Hemoglobin C might protect against malaria by reducing PfEMP-1 (P. falciparum erythrocyte
membrane protein-1) mediated adherence of parasitized erythrocytes, thereby mitigating the
effects of their sequestration in the microvasculature. Ruwende et al77 reported that, in two
large case-control studies of over 2,000 African children, the common African form of G6PD
deficiency (G6PD A-) is associated with a 46-58% reduction in risk of severe malaria. The
mechanisms of protection against malaria are not well known.

HLA Type and Malaria
Piazza et al78 were the first to present evidence of the association between particular HLA

variants and malaria in Sardinia Island (Italy). They compared lowland areas where malaria
occurred and highland areas. Since then a case-control study in the Gambia indicated that the
HLA class I antigen HLA-Bw53 and the HLA class II haplotypes DRB1*1302-DRB1*0501
both protect against severe malaria.66 Furthermore, in population studies, these genotypes
account for as great a reduction in disease incidence as the sickle cell polymorphism. Therefore,
they confer 40% reduction in life-threatening complications of malaria in Gambian children.
Many studies have shown the role of other host genetic factors in susceptibility/resistance to
malaria infection. There is much interest in a group of SNPs located at nucleotides -238, -308,
-376 with respect to the TNF transcriptional start site; all are substitution of adenine for
guanine.79 The association of -308A homozygote with cerebral malaria was found in Gambian
children,79 and a similar tendency was observed in Kenyan children.80 Since, some contradict-
ing results have been found with these SNPs in different studies on severe malaria.

In addition, CD36 is a host receptor, involved in P. falciparum cytoadherence, expressed on
the endothelium, platelets and leucocytes. Recently its involvement in the immune response to
malaria has been proposed by two distinct studies. Binding of infected erythrocytes to dendritic
cells, via CD36, inhibited the maturation of these cells and reduced their capacity to stimulate T
cell.81 On the other hand, a role for CD36 in parasite clearance was proposed.82 African
populations contain a high frequency of nonsense and frame-shift mutations in the gene coding
for CD36 and divergent results have been produced concerning the effect of these mutations on
malaria susceptibility.83 Aitman et al84 observed that an exceptionally high frequency of the
heterozygous or the homozygous state for different CD36 truncation mutations is significantly
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associated with susceptibility to malaria, particularly cerebral malaria. While, Pain et al85 have
shown that a nonsense mutation (exon 10 188 T→G) is associated with protection from severe
disease but not from cerebral malaria. Similarly, polymorphisms in CD36 promoter regions
(CD36-14T→C and CD36-53G→T) were significantly decreased in cerebral malaria compared
to mild malaria.86 These discrepancies probably reflect the contrasting roles that this molecule
seems to have in malaria pathogenesis. As suggested by Pain,85 the molecular dissection of the
effects that gene variability exert on the biological reactions mediated by CD36 could give some
clues on the implications of the associations found.

Unfortunately, the discovery of these polymorphisms has not led to the development of new
treatments or prophylaxis against malaria; most of these mutations carry serious consequences
for the host when homozygous and therefore have been offered no practical therapeutic lead.
The hypothesis underlying malaria is that its susceptibility may be determined by many
hundreds of different genetic polymorphisms and that disease severity lies not in the individual
polymorphism, but in what it tells us about the control of immune processes in general.

Despite some progress in this area, it will still be important to view the study of human
genetic disease from an epidemiological perspective. As opposed to experimental science, both
human genetics and epidemiology are observational sciences. We will never be able to exert the
same degree of scientific control in studying human disease that experimentalist can obtain
with model systems. Furthermore, we must not lose sight of the numerous nongenetic factors
that influence malaria risk, and how they interact with host factors. The genetic approach aims
to correlate differences in disease frequencies between groups with different polymorphism
frequencies.

Humoral Immune Factors
The interethnic differences with regard to the humoral immune responses against a crude P.

falciparum blood stage antigen were evaluated in individuals of Dogon and Fulani’s ethnic
groups in Mali. The sera levels of anti-P. falciparum IgE and anti-P. falciparum IgG antibodies
in the Fulani were significantly higher than in the Dogon.62 For total IgE there was a trend of
higher levels in the Fulani. However, this did not reach statistical significance. Then, natural
antibodies to malaria specific antigens were tested. The Apical Membrane Antigen (AMA-1)
and the Merozoite Surface Antigen (MSP-1) of P. falciparum, two candidate malaria vaccines
antigens were chosen. Geometric means of anti AMA-1(FVO and3D7) and anti MSP-1 (FVO
and 3D7) antibody titers were significantly higher in Fulani than in Dogon. Bolad et al, 200587

compared levels of the IgG subclasses of the P. falciparum reactive antibodies in the sympatric
tribes in Burkina Faso (Fulani/Mossi) and Mali (Fulani/Dogon). Anti-malarial IgG and IgM as
well as IgG1 and IgG3 antibodies were consistently significantly higher in the Fulani as com-
pared to the nonFulani, in both countries. Taken together the elevated levels of IgG1 and IgG3
antibodies associated with the lower susceptibility to disease and infection seen in the Fulani
suggest a protective role of these antibodies in the Fulani. Large numbers of seroepidemiological
studies in different malaria endemic areas have demonstrated an association between cytophilic
subclasses IgG3 and/or IgG1 and protection against P. falciparum malaria.88-90 No significant
differences in the geometric mean concentrations of neither IgG2 nor IgG4 antibodies were
detected in Fulani individuals of Burkina Faso and Mali as compared to their sympatric
neighbours, Mossi and Dogon, respectively.

IgG antibody levels to most of other viral (measles), bacterial (Helicobacter pylori;
Mycobacterium tuberculosis) and parasitic (Toxoplasma gondii) antigens tested did not differ
between the different tribes, suggesting that the Fulani are not generally hyper-reactive.87

Cytokine-Mediated Responses to Plasmodium falciparum
The Fulani had significantly higher anti-malaria IgG and IgE antibodies and higher

proportion of malaria specific IL-4 and IFN-γ producing cells compared to the Dogon. The
higher percentage of IL-4 production in the less susceptible, the Fulani, may explain the difference
in the antibody responses observed between the two study groups. Indeed, IL-4 also regulates
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the differenciation of precursor T-helper cells into the Th2 subset that regulates humoral
immune responses including specific antibody production. The Fulani were more polarized
towards Th2 than sympatric ethnic groups living under similar malaria transmission as
evidenced by more IL-4 and less IL-12 producing cells and higher serum levels of anti-malaria
IgG and IgE antibodies.

IFN-γ-183T allele, known to increase gene transcription, was associated with a significant
(p = 0.009) reduced risk of cerebral malaria in children hospitalized at a pediatric ward in
Bamako, Mali.91

Perspectives for Malaria Control: The Malaria Vaccine Approach
A malaria vaccine appears as a promising tool that will significantly boost the malaria control

perspectives. Historically, vaccines have been the most cost-effective tools in the control of
infectious diseases. Vaccination led to the eradication of smallpox from earth and to the
elimination of poliomyelitis as a public health problem.

If we have evidence that a malaria vaccine is feasible, efforts to reach a vaccine that would be
an effective public tool have not yet succeeded.92

Approaches to Design a Malaria Vaccine
P. falciparum is a complex organism. Its genome is constituted of 30 Mb while others

pathogens for which a vaccine was relatively easily found such as the virus responsible for
poliomyelitis has a genome size of 0.08 Mb. In addition, adaptation to its human ecological
niche has lead to adaptive protein expression profiles and antigenic variation. The complexity
of antigens expressed is additionally complicated by the allelic variation at loci. Furthermore,
host genetic factors described earlier such as HLA type or hemoglobin type among the most
studied restrict the human host immune response. A malaria vaccine may therefore have different
efficacy and safety profile in different populations.

Despite the multiple constrains, significant progress have been made by malaria vaccinologists
worldwide in the last 20 years toward a malaria vaccine. Today an unprecedented international
effort is committed to malaria vaccine development. This commitment is being supported by
developed and developing world leaders from the field of politics, science, pharmaceutical
industry, economics and finances.

Malaria vaccinologists have adopted two principal approaches to design a malaria vaccine.
Identification of the mechanisms of natural immunity and imitation of Mother Nature has
constituted a productive approach. This approach led to the description of the antibody
dependent cellular inhibition (ADCI), the model that best explains the status of semi immunity
observed in population exposed to natural falciparum infection and protected against clinical
malaria.93 According to this model, the antigenic targets for efficient immune response are
conserved. Subsequently immune response to parasite proteins such as MSP3 and GLURP
were identified and found to correlate in sero-epidemiology surveys to protection against clini-
cal malaria. As a result synthetic peptides based on MSP-3 have been developed and tested in
phase 1 clinical trials in naïve and malaria-experienced adults living in Burkina Faso. Others
synthetic peptides that combines MSP-3 and GLURP B-cell epitopes are being developed and
will further enter the stage of field clinical evaluation.

The imitation of natural immunity also led to the discovery of parasite antigens critical for
adhesion such as the P. falciparum erythrocyte membrane protein 1 (PfEMP1) that mediate
parasite adhesion to several host receptors including host CD36, and chondroitin sulfate A
(CSA) receptors. PfEMP1 is encoded by the large and diverse var gene family that is involved
in clonal antigenic variation and plays a central role in P. falciparum pathogenesis. Exposure to
pathogenic forms of P. falciparum harboring a variant PfEMP1 has induced protection against
these parasites, leading to the selection of possibly less virulent parasites in subsequent infections.94

Specific antibodies blocking parasite adhesion to CSA have been found to protect against
placental infection. Hence, the functional restriction of highly variant parasite antigens has
served to elaborate monoclonal antibodies targeting the CSA and aimed at protecting pregnant
women against malaria.95
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The second main approach taken by malaria vaccinologists was to assume that it is possible
to achieve a level of protection better than what is observed in population naturally exposed to
malaria. This approach focused to identify specific proteins on critical point of the parasite life
cycle and to neutralize those proteins inducing specific strong cellular or antibodies responses.
Malaria vaccine candidates have been produced based on various proteins expressed by
sprorozoites (circum sporozoite (CS)-based constructs), at the surface of infected hepatocytes
(liver stage antigen (LSA)-based constructs), at the surface of the infected red blood cells (merozoi-
tes surface proteins-MSP1, 2, 3, 4; Apical membrane antigens (AMA1), Erythrocyte binding
antigen (EBA), glutamate rich protein (GLURP)), and proteins expressed during the sexual
stage of the parasite development in the mosquito gut such as P. falciparum gamete surface
antigens (Pfs230, Pfs48/45 and Pfs25) and ookinete surface antigen (Pfs28), and Plasmo-
dium vivax ookinete surface antigen (Pvs25), for the transmission blocking strategy. Tremen-
dous efforts have been achieved in the last ten years in the identification of candidate antigens,
production of recombinant proteins, optimization of expression systems, and develop-
ment of immune assays that correlates with protection against clinical disease.

Achievements toward a Malaria Vaccine
The networking among malaria researchers and the increased funding available for malaria

research will foster the progress in the field of preclinical development of malaria vaccine can-
didates. The clinical testing of promising candidates is becoming a more and more acute need.

Optimal pathway from antigen discovery to vaccine delivered to target population includes
the clinical development of the malaria vaccine candidates, once they have passed all steps of
the preclinical characterization. The clinical development for a vaccine is a logical sequence of
clinical trials in humans with the aims to establish that the malaria vaccine candidate is safe and
it can protect against malarial disease. Until recently this step has been a major hurdle in the
development of malaria vaccine for several reasons. Among the most important causes, are the
high cost of the clinical trials, the need to perform the trials in population naturally exposed to
malaria, the absence of endogen clinical trials capacity in most Sub-Saharan African countries,
the diversity of the malaria infection requiring to test a malaria vaccine candidate in different
populations exposed to different intensity of transmission, the ethical concerns of conducting
clinical trials in vulnerable populations or in populations not exposed to malaria, the regula-
tory weaknesses in malaria endemic countries.

Despite these issues, several antigens have been evaluated in field clinical trials. The
circumsporozoite (CS)-based construct, RTS,S codeveloped by GlaxoSmithKline Biologicals
and Walter Reed Army Institute of Research has shown a significant protective efficacy of
57.7% against severe malaria in Mozambican children.96 This was indeed a promising result.
However the short duration of protection induced warrants further investigations to improve
the vaccine efficacy. In addition a recent review of the trial data raised the possibility that non
specific adjuvant related immune responses targeting hepatocytes could have been involved in
the protective efficacy observed.97 Association of the same adjuvant with others antigens candi-
date malaria vaccine will allow testing this hypothesis. Others malaria vaccine candidates have
shown interesting immune responses and safety profile. That was the case of the MSP1 and
AMA1-derived recombinant antigens.98

An Alternative for the 21st Century
New adjuvant systems such as the CpG ODN hold the promise of inducing strong cellular

immune responses,99 although, this potential need to be confirmed in population naturally
exposed to malaria. Recently, Mueller et al, have induced sterile protection in the rodent
model, using genetically-modified sporozoites that were unable to develop in the host liver
cells.100 Such use of the genomic tools opens an extremely promising way to research. Immu-
nizations with irradiated sporozoite have until today produce the best protective immune
responses in all malaria animal models. With a complex organism such as P. falciparum, the
use of whole parasite may be the best strategy to induce an immune response covering enough
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antigen repertoires to efficiently prevent malaria disease. Most malaria vaccinologists believe
that the effective malaria vaccine will be a construct of different epitopes from different
parasite proteins covering the stage-specific proteins and their variants.

There is still the need to accelerate the pace of the malaria vaccine research. Given the
limitations of existing animal models101,102 and the difficulties related to the impact of any
interventions against malaria, there is only one way to validate efficacy of malaria vaccine
candidate: testing them in clinical trials in endemic countries. We believe that a critical part of
the international mobilization against malaria should target the development of clinical trials
capacity and overall biomedical research capacity in Africa. Only few sites, located in Gambia,
Mozambique, Kenya, Tanzania and South Africa are presently capable of conducting large
efficacy clinical trials under international standards. In others countries such as Mali, Burkina
Faso, Ghana, the capacity to conduct phase I and II clinical trials is being upgraded. This is still
insufficient to face the clinical development need of all antigens in the pipeline. The challenge
study model103 was developed as an efficient model to test the efficacy of malaria vaccine
candidate targeting preerythrocytic stage antigens. There are several confounders that may
affect the efficacy of the challenge model in malaria endemic countries or assessing a vaccine
targeting blood stage antigens. Most of the confounders can be controlled by a rigorous study
design. And carefully designed molecular tools can help discriminating persistent from new
infections parasites. We believe that the challenge studies should be conducted in malaria
endemic countries, preferably in areas of seasonal transmission.

Conclusion
The grand challenge for us is to develop strategies to identify gene variants that contribute

to good health and resistance to severe malaria as our ultimate goal is the reduction of morbidity
and mortality due to malaria through prevention and treatment. The next steps for scientists
working in this area will be to authenticate known associations, to understand the functional
basis of genetic associations, to screen for entirely novel malaria resistance genes and to investi-
gate gene-environment interactions. Genomics will facilitate further understanding of
this aspect of human biology and allow the identification of gene variants that are important
for the maintenance of health, particularly in the presence of known environmental risk
factors.104 Another possible approach is the full examination of genetic variants in children at
high risk (under 5) for severe malaria and, who do not develop them. Such strategies should
enable the research community to achieve the following: (1) identify human genes (and genes
products) and pathways with a role in health and malaria disease, and determine how they
interact with environment factors; (2) Develop, evaluate and apply genome-based diagnostic
methods for the prediction of susceptibility to malaria.

Finally, training and maintaining of African capacities in genomics will be the best invest-
ment for the purpose of testing and validating genomic based technologies for public health
use in Africa.

History of malaria eradication and control tell us that the disease will be rolled back from
Africa only when technological advances will be applied together with social and economical
development, with the African people, their leaders and their scientists involved as key actors of
the battle (Box 1). And we believe that such involvement should derive from a profound inner

Box 1. Transgenic mosquitoes

An important line of ongoing research is to develop transgenic mosquitoes, i.e., mosquitoes genetically
manipulated, so that they can no longer transmit malaria and use these mosquitoes to replace the
natural population. Although significant progress is being made (with identification of the mosquito
genome and the progress in the biotechnology), it is not sure that this will be applied widely in a near
future. More research is needed, specifically large field studies under different malaria transmission
conditions and different ecological areas.



11Malaria Situation in the Beginning of the 21st Century

movement and not dictated by non African organizations. As discussed earlier in this book by
Castro and Millet (Box 2),105 we are convinced that macro economic adjustments need to be
reassessed and priority given to a real chance for development in Africa.
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CHAPTER 2

Malaria and Structural Adjustment:
Proof by Contradiction
Julie Castro* and Damien Millet

Summary

The evolution of malaria over the last thirty years shows that far from regressing,
the disease is actually in a process of reglobalisation. While health institutions confine
themselves to analysing the economic impact of the pandemic, the authors call for a

reposing of the problem in other terms. The unprecedented resurgence of malaria is in fact
contemporary with the application of structural adjustment programmes, as devised and imple-
mented by international financial institutions since the 1980s. An examination of these
programmes reveals that they serve to organise and secure the transfer of wealth from popula-
tions in the South to the ruling classes of the South and North. Their considerable economic
and social impact interferes with the determinants of malaria on several levels and explains the
resurgence of the disease. Applying solely technical solutions to the problem is therefore not
enough: to reverse the trend, it is the current world economic order that must radically change.

A Scourge in Full Resurgence
The figures on malaria speak volumes: every year, between 300 and 500 million people are

affected by this disease, which claims between 1.7 and 2.5 million lives. More than 40% of the
world population is currently exposed to malaria and the number of confirmed cases is on the
increase. The regions concerned are primarily in tropical and sub-tropical zones, among which
Sub-Saharan Africa pays the heaviest toll, with more than 90% of fatalities. Malaria’s primary
targets are the young: it is estimated that the disease kills an African child every thirty seconds
and that it is the leading cause of child mortality in Sub-Saharan Africa.

The evolution of the disease over time is closely related to the history of humanity, and in
this respect the broad epidemiological outlines of the last century are worth noting. At the
beginning of the twentieth century, malaria affected a greater number of regions in the world,
going on to become almost obsolete in temperate zones some fifty years ago. This geographical
recession was accompanied by a significant fall-off in the number of cases: in 1950, malaria
accounted for 1.2 million deaths, with numbers subsequently decreasing to an annual death
rate of 500,000 in 1970. The reversal of this trend, as observed over the last twenty years,
testifies to a resurgence of unprecedented proportions: malaria is gaining ground on every
front, even reemerging in regions where it had been totally eradicated, such as the Middle East,
Turkey and Central Asia.

At the same time, the last twenty years have seen the advent of a global neo-liberal economic
model commonly known as globalisation. In the countries of the South and in Sub-Saharan
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Africa in particular, strict macro-economic policies, going by the name of Structural Adjust-
ment Programmes (SAPs), have been forcibly introduced by international financial institutions
via the debt mechanism. Is the coexistence of these two developments a mere coincidence? To
what degree does this new economic world order account for the reglobalisation of malaria?

A Restrictive Ideological Framework
The medicoscientific approach to malaria is the one most frequently adopted. This type of

reasoning, supposedly neutral because it is scientific, nevertheless constitutes an ideological
position in itself: by “naturalising” the disease, research into its causes and the creation of
solutions are restricted to this single line of thinking. The same ideological stance can also be
observed at the institutional level. Take, for example, the “Roll Back Malaria” campaign - an
initiative of the World Health Organisation (WHO), the United Nations Children’s Fund
(UNICEF), the United Nations Development Programme (UNDP) and the World Bank. In
an introductory document1 on its website, we find a succinct description of the different para-
sites, and of the cycles in host and vector. The existence of nonscientific determining factors for
the disease, and in particular those of a socio-economic nature, is totally avoided.

The consequences of malaria, however, are approached first from an economic angle, and
only secondly in human terms. This predominantly economic standpoint is assumed without
compunction. And while a “Roll Back Malaria” document concedes that “in Africa today, ma-
laria is understood to be both a disease of poverty and a cause of poverty”2 it then goes on to say:
“Annual economic growth in countries with high malaria transmission has historically been lower
than in countries without malaria. Economists believe that malaria is responsible for a growth
penalty of up to 1.3% per year in some African countries”. The authors seem almost to regret that
the human consequences cannot be more easily translated into figures when they write: “Ma-
laria has a greater impact on Africa’s human resources than simple lost earnings. Although difficult
to express in dollar terms, another indirect cost of malaria is the human pain and suffering caused by
the disease”.3

The direct and indirect costs of the disease are moreover the subject of in-depth, detailed
analyses: “In some countries with a heavy malaria burden, the disease may account for as much as
40% of public health expenditure, 30-50% of inpatient admissions, and up to 50% of outpatient
visits”.2 And the assessment of the economic impact of malaria by the WHO is nothing short of
vertiginous: “As a result of the cumulative effect over thirty-five years, the gross domestic product of
African countries is today 32% lower that it would have been without malaria”.4 In terms of the
family, this means that a poor African family can find itself spending a quarter of its annual
income on the prevention and treatment of malaria.5

The devastating impact of the pandemic in economic terms does not preclude a critical
examination of the ideological process. The present analysis is utilitarian: it fails to challenge
the responsibility of economic policies in the entrenched presence or resurgence of diseases,
and restricts itself to assessing the consequences. In this context, improving public health is a
mean to improving economic health, and not the opposite. This ethically unacceptable view of
health as an instrument of economic profitability is carried through to a number of other
organisations to encompass the whole health sector. For example, the WHO, whose public aid
policy mission, as stated in 1980, was to ensure “health for all”, took an entirely different turn
under the presidency of Dr. Gro Harlem Brundtland. She opened the field to the private sector,
the World Bank, the IMF and the WTO in the late 1990s at the 51st World Health Assembly,
and her policies are now governed by free economy rules.6 This shift in the conception of
health—as a means to production and no longer a right—was clearly expressed by Dr. Bruntland
in 2000 during the third International Conference on Priorities in Health Care in Amsterdam.
“Improvement in health will significantly increase the forces for economic development and
the reduction of poverty”.7 Finally, the creation in 2001 of the Global Health Fund, an inde-
pendent private foundation focussing on AIDS, malaria and tuberculosis, seems to indicate
that global public health issues will increasing elude the domain of the WHO, which sits on
the board but has no vote.
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In the face of a situation where health problems are considered upstream of the economic
situation, it is essential to rethink the problem: malaria is as much a social and political process
as a scientific reality. As such, one must first assess the impact of macro-economic neo-liberal
policies on the evolution of the pandemic. However, in the interests of preserving the founda-
tions of the prevailing economic model, no such assessment is being made, and is even being
deliberately ignored. One of the nerve centres of this model, which, as we will see, bears a heavy
responsibility in the gravity of the pandemic, is debt. It is debt that has allowed creditors, both
public and private, to bring a Trojan horse into the economy of the South: its name is structural
adjustment, and behind this rather creative designation lies a very efficient system of domina-
tion.

A Ruthless Tool of Domination
At the beginning of the 1960s, when the countries of Latin America were fast industrialising,

the nations of Asia, followed by Africa, gained their independence. In the space of twenty years
they were to shift from a colonial style of political domination to a system of dominance less
visible, yet no less effective, via the debt mechanism. This debt was initially encouraged by
private creditors in the North, whose coffers were overflowing with liquid assets (eurodollars,
then petrodollars after the oil crisis of 1973). The leaders of the wealthy countries were next to
come on the scene. In the 1970s, to revive their failing economies, they offered the developing
countries loans that were conditioned by the purchase of goods from the creditor country: a
system called linked aid. Finally, on the multilateral front, the World Bank was to launch,
under the presidency of Robert Mc Namara, an aggressive policy of inducement to borrow:
from 1968, when Mc Namara took office, to 1973, the World Bank lent more than at any time
since 1945. It used debt for geo-strategic purposes, whether to strengthen the Western bloc’s
strategic alliances (Suharto in Indonesia, Marcos in the Philippines, Mobutu in Zaire, Pinochet
in Chile, the dictator states of Argentina and Brazil, etc.) or to ensure that countries attracted
by a nationalistic and economically independent state system stay within the fold of the U.S.
Debt became a key tool in the domination of Third World countries.

A decisive turning point came in the 1980s. A drastic rise in interest rates, decided unilater-
ally by the United States, and then by the United Kingdom in the late 1970s, vastly increased
the sums to be refunded. In addition, a glut on the commodities market of the very raw mate-
rials exported by the countries in the South caused prices to plummet. The production of
agricultural and mining industry commodities, most often exported unprocessed, had been
vigorously encouraged by the major powers, who were the main consumers. For the countries
of the South, these exports were the principal means of obtaining the foreign currency they
needed to repay their debt. The wheels were in motion: developing countries must export more
and yet more to earn the same amount. So began a relentless spiral governed by a policy of
“everything for export”: revenues soon dropped dramatically. These same countries also had a
harder time finding find lenders because investors were giving preference to the wealthy coun-
tries (offering higher interest rates) where there were juicy profits to be made. Tripled interest
rates, diminishing revenues, a scarcity of new loans: the situation soon became intolerable. In
1982, the crisis reached a head. Mexico was the first to announce it could no longer meet its
engagements.

The creditors, alarmed by the spate of repayment cessation notices, mandated the Interna-
tional Monetary Fund (IMF) to organise and secure repayment of the debt. As an immediate
measure, the IMF authorised new loans to developing countries so as to avoid default wherever
possible. In exchange, developing countries were forced to apply economic policies dictated by
the financial experts, the so-called “structural adjustment programmes”, whose explicit pur-
pose was to increase the resources of indebted countries to enable them to repay the debt. The
means adopted to achieve this objective were to have social, economic and human conse-
quences of catastrophic proportions.
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Servicing the Debt at All Costs
The recommended measures inherent in a Structural Adjustment Programme always follow

the same pattern:
• Stopping of subsidies for basic products and services (bread, rice, milk, sugar, fuel, etc.). To

compensate for the lack of a guaranteed minimum income, governments normally step in
to keep basic foods as well as other vital goods and services at affordable prices. In a SAP, the
IMF requires that this form of subsidy be discontinued. With harsh consequences for the
population: the price of basic foods and fuel skyrockets. Not only do higher fuel prices
aggravate the water problem (because boiling water to make it potable costs more), but they
also lead to an increase in the cost of transportation, which in its turn affects the price of
foodstuffs sold in the local market. Thus these measures systematically increase food inse-
curity, lead to inflationary prices and weaken the local economy.

• Severe budgetary measures and reduction of public spending, generally via drastic cuts in
allegedly “nonproductive” social budgets (health, education, housing, infrastructures).

• Devaluation of the local currency, with a view to making local exported products cheaper
and thus more competitive on the world market. In theory, this makes it easier for them to
find buyers. The downside is that more products must be sold simply to get back the same
amount of foreign currency as before. But taking into account that several countries will be
following this procedure at the same time, the logic falls apart, since the simultaneous
arrival of identical products on the market causes prices to fall. Conversely, foreign prod-
ucts are more expensive locally (such as mosquito nets imported to help fight malaria). To
take an example: in January 1994, the IMF and France got the African governments in
question to devalue the CFA Franc by 50%. The results were disastrous: a product im-
ported from France which formerly cost 100 CFA Francs went up to 200 CFA Francs
overnight, and for an African country to get back 100 FF it now meant selling double the
amount of products. The purchasing power of populations in the CFA zone took a steep
dive, even more so since wages were frozen. At the same time, the debt for these countries
(payable in hard currency) was suddenly doubled. So that they had to earn twice the amount
(in local currency) to get the foreign currency they needed to pay back the debt.

• Higher interest rates, to attract foreign capital with the prospect of high returns. For small
farmers borrowing on the local market to buy seed, fertiliser and agricultural machinery,
this rise in interest rates drastically reduces their borrowing power: sowing is curtailed and
agricultural production falls off. Indebted companies have to face up to unforeseen repay-
ments in an already depressed market - a situation that leads to numerous bankruptcies.
Lastly, the hike in interest rates increases the burden of internal public debt for the govern-
ment, hence a larger public deficit, when paradoxically the aim of SAPs is to reduce it. The
government then proceeds to make even more drastic cuts in social spending, creating a
truly vicious circle.

• Agricultural production entirely focussed on export (coffee, cotton, cocoa, groundnuts, tea,
etc.) to bring in currency. This “everything for export” has as its corollary a decline in the
production of basic food crops (cassava or millet for example) and increased deforestation.
The countries in question are led to specialise in one (or several) agricultural products for
export, one (or several) mineral products or primary industries such as fishing, thereby
becoming dependent on this particular resource or crop. Economic instability increases,
since prices on the world market can suddenly suffer a huge drop, causing the collapse of a
country’s whole economy. For the environment too, this relentless race for productivity has
catastrophic consequences: deforestation, threatened biodiversity, systematic use of insecti-
cides and fertilisers, soil erosion and impoverishment, etc.

• Total opening up of markets by the elimination of tariff barriers, liberalisation of trade and
capital markets, and the removal of exchange controls. To attract foreign investors, the
arrival of foreign multinationals is encouraged. Thanks to their financial weight and supe-
rior technology, they grab significant market share in numerous business sectors to the
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detriment of many local producers who are forced into liquidation. Another result of trade
liberalisation is the removal of any obstacles that would prevent multinationals rechannel-
ling profits generated locally to their headquarters in the North. The wealth produced in
the South is thus siphoned off to benefit the wealthy shareholders of these corporations.
Meanwhile, inflation and growing unemployment wreak havoc among the local population.

• A tax system creating even greater inequality thanks to the principle of a value added tax
(VAT) and the preservation of capital earnings. The removal of tariff barriers reduces tax
revenues, resulting in wider-scale taxation that penalises the poor in particular, with the
suppression of progressive taxation and a generalised VAT system. Take the case of a VAT of
18% as in French-speaking West Africa. It is applied in exactly the same way to anyone
buying a kilo of rice, whether rich or poor. If a person devotes his total income to the
purchase of basic necessities, with a VAT of 18% he pays a tax of 18% on his total income.
If, on the other hand, a person earning a very comfortable income spends only 10% of it on
such purchases, the tax levied via VAT represents 1.8% of his income, leaving the rest of it
free to be invested, and untaxed into the bargain!

• Massive privatisation of public companies, in other words the disinvolvement of govern-
ment from competitive sectors of production. The forced privatisation of public companies
at slashed prices directly benefits the Northern multinationals and a few individuals close to
government, while the proceeds go straight towards repayment of the debt. In the case of
Mali, of the 90 public companies in operation in 1985, 26 were liquidated and 28 were
privatised: in 2001 only 36 remained. In the IMF’s book, the government has no business
in a sector where profits can be made. It should restrict itself to the more lofty functions
(police, armed forces, justice) and withdraw from the other sectors (water, telecommunica-
tions, transportation, health, education, etc.). Thus government is voided of its political
essence and at the same time loses control of the strategic elements for development. For
the people, privatisations mean reduced access to services and increased unemployment.

SAPs: What Results?
With the hindsight of some twenty years, it can be seen that the macro-economic criteria

favoured by the IMF and the World Bank have in no way helped improve the well-being of the
poorest populations. On the contrary, greater impoverishment can be observed in all regions
that have meekly applied structural adjustment, as well as increased inequality, not only within
the various nations but between them. The narrow-sightedness of these two international insti-
tutions has resulted in complete failure in terms of human development.

This failure can in no way be imputed to an unfavourable economic situation or to lack of
understanding, but rather to the strict application of neo-liberal policy. One can only wonder
why measures so prejudicial to local populations are imposed with such constancy and dili-
gence. The answer can be found in the words of Joseph Stiglitz, chief economist of the World
Bank from 1997 to 1999, and 2001 Nobel laureate in economics: “The IMF has ceased to serve
the interests of the world economy in order to serve those of world finance. The liberalisation of the
financial markets has not perhaps contributed to global economic stability, but it has certainly opened
up immense new markets on Wall Street. (…) If one examines the IMF as if its objective was to serve
the interests of the financial community, then one can make sense of actions that would otherwise
appear contradictory and intellectually inconsistent”.8

Development aid, brandished by the wealthy countries as proof of goodwill, is quite unable
to make good the losses incurred by debt: in 2003, for the 373 billion dollars that developing
countries as a whole disbursed to service the debt,9 they received only 69 billion dollars in
public development aid.10 In short, for every dollar entering these countries as aid, 5 dollars go
out to pay back the debt. The World Bank’s 2004 Global Development Finance report reveals
moreover that the net transfer on debt—that is, the difference between new loans and the sums
disbursed—is negative for the total of developing countries: on average, -90 billion dollars per
year between 1998 and 2003. The debt is therefore a powerful mechanism for transfer of
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wealth from the populations of the South to their wealthy creditors. The United Nations
Conference for Trade and Development (UNCTAD) stated in September 2004 that the Afri-
can debt “amounts to a reverse transfer of resources from the world’s poorest continent”.11

Structural adjustment plans are perfectly capable of defending the interests of financial
institutions and multinationals in the North. But for the people suffering the consequences,
they are instruments of poverty and deprivation. The pill is a bitter one. As a complement to
this study, see reference 12.

The Impact of Structural Adjustment Programmes on Malaria
The impact of SAPs on malaria can be described at various levels. The first, and the most

direct, is the impact on determining health factors. The Third World’s ailing healthcare systems
are hard hit by the inroads made in social budgets to repay the debt: on an average, only 7% of
Third World budgets go towards health, as against 21% for servicing the debt, and as much as
38% for Sub-Saharan Africa.13 In material terms, this means the closing of healthcare struc-
tures, laying off of staff or wage reductions (to a level below the vital minimum), the deteriora-
tion of infrastructures, reduction of preventive care, gradual decay of health institutions at all
levels (thus compromising effective healthcare policy-making by government), etc. Yet the re-
sponsibility of these destructive policies, imposed by the Bretton Woods institutions, has never
been questioned: the acknowledgement of a failing healthcare system is always taken out of
context and even used as an argument for further State disinvolvement. In this respect, the fact
that the World Bank is today the institution that determines the shape of global healthcare,
drawing on resources far superior to those of the WHO, is very revealing.

The commercialisation of health services is another angle of attack, driven either by the
application of cost recovery policies, or simply by the mechanics of privatisation. In both in-
stances, access to healthcare is endangered. One example among many: in 1995, by order of
the IMF and the World Bank, Madagascar introduced PFU (user charging): “a modest contri-
bution by the patient towards the cost of the consultation and the medication. The average cost of a
consultation in a healthcare centre (including medication for three days of treatment) is 400 to 500
ariary (28 to 36 euro cents). On July 20, 2002 Marc Ravalomanana, President of the Republic,
ordered the suspension of PFU to prevent the political-military crisis in the first quarter of 2002
from overly affecting people’s access to healthcare. According to a study made by the National Insti-
tute of Statistics and Cornell University (USA) in December 2002, this suspension increased visits to
healthcare centres by 57% as compared to before the crisis”.14 [AFP dispatch, 16 September 2003.]
Unfortunately, the Ravalomanana régime, forced to bow to the logic of structural adjustment,
decided to reinstate PFU in January 2004. Other studies tend to the same conclusions, and it
is today an established fact that privatisation and cost recovery policies in the area of healthcare
deprive a large section of the public of access to its services.

Excessive trade liberalisation as advocated by SAPs is also closely related to the resurgence of
malaria. Take the famous “white elephants” - colossal, vastly expensive projects designed to
connect developing countries with the world market by facilitating extraction and transporta-
tion of their raw materials. The great dams, already totally inappropriate to the people’s needs,
provided the anopheles that carry the disease with new ecological niches. In Sudan, the Gezira
water management project effectively increased prevalence of the disease in the late 70s.15 In
addition, through the massive development of agricultural exports, SAPs endanger the prin-
ciple of food security (the abandoning of basis food crops), and beyond that, cause drastic
remodelling of the landscape and major modification of the ecosystem. At the end of the
1980s, the historian of medicine Randall Packard revealed that in Swaziland, irrigation prac-
tices—resulting from an economy directed toward sugar exports—had caused the reintroduc-
tion of malaria in areas where the disease was previously under control.16 The use of pesticides
is another aspect of sugar-exporting economies in developing countries: the drive to improve
yield to increase export volume. Several studies have shown that excessive use of pesticides
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contributes to the formation of ecological niches where anopheles resistant to pesticides have
permitted the resurgence of malaria.17

The impact of these various measures on malaria is considerable. In Vietnam, a WHO
study published in a World Bank document showed that the number of deaths due to malaria
tripled in the four years of the SAP, while in the same the healthcare system was seen to decline
and the price of medicines soared.18,19

Beyond the harmful consequences of SAPs in the health sector, the close relationship be-
tween malaria, poverty and social justice must also be noted. Although it is not acknowledged,
problems concerning housing, sanitary infrastructures and malnutrition among impoverished
populations have a profound impact on their vulnerability to infection and on the pandemic in
general.

What Solutions?
As we have seen, the official angle of approach to malaria is almost exclusively medicoscientific.

Such an approach restricts the analysis of causes and establishes the framework for research on
this single level, without taking into account the underlying politicoeconomic factors. The
institutional consequence is the creation of vertical programmes, targeting only specific dis-
eases, to the detriment of systemic programmes and primary healthcare. For example, the Glo-
bal Health Fund was set up with the aim of raising funds to fight three major pandemics - an
approach that fails to take in the social, political and global economic context. Under these
conditions, and from the institutional standpoint, scientific research is seen as the only source
of future solutions. But scientific research is itself a victim of the logic of structural adjustment,
in the North as in the South: funds are constantly being cut back and research orientations are
determined in terms of profitability. The field of tropical diseases, where no big profits can be
made, is neglected in favour of research on cardio-vascular diseases and obesity, potentially very
profitable areas.

Certain research projects are focussing on the use of genetically modified organisms (GMOs)
to fight malaria. While we make no judgement on their effectiveness, which can only be as-
sessed by scientists competent in this field, they should be regarded with the utmost caution.
For several reasons. First, their innocuousness has yet to be proven, and therefore every precau-
tion must be taken. In addition, they are a serious threat to biodiversity, and pose the problem
of intellectual property.

Finally, and most importantly, a major reason why we are firmly opposed to the use of
GMOs is that there are other effective, accessible, environmentally neutral and inexpensive
means of fighting malaria (the distribution and reimpregnation of mosquito netting, access to
curative care for timely treatment of suspected or confirmed cases, affordable medication, re-
duction of anopheles niches, etc.). The regrettable concentration on hyper-specialised scien-
tific research and on vertical programmes as the only tools for counteracting the pandemic is
part and parcel of a political and economic model. Given the state of proof so far (or rather the
absence of same) guaranteeing that GMOs have no negative effects, we wish to express our
categorical opposition to their use.

Conclusion
Why play the sorcerer’s apprentice when simple solutions exist that have not been given a

serious chance? Could the fact that they are neglected in favour of other solutions be related to
the fact that they are out of phase with private financial interests and on the fringe of the
dominant system, which consists of merchandising whole sections of the economy? Is this
neo-liberal model in any way related to the failure to eradicate malaria – a goal that seemed
globally feasible in the 1970s? By asking these questions in the light of the facts stated above,
are the answers not patently obvious?
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Legitimate and necessary as they may be, scientific solutions can only provide a partial
response unless combined with a profound consideration of the socio-economic factors that
underlie and shape the global malaria scene. The many human catastrophes caused by forcibly
imposing wide-scale neo-liberal policies, of which the resurgence of malaria is a manifestation,
should urge us to reexamine the economic world order. All aspects of today’s macro-economic
model must be questioned and radically changed if we want to influence the trend. We must
give governments the means to set up and implement solid, multisector programmes to fight
malaria, and above all, the means to improve living conditions for the greatest possible number.
It requires a reversal of the current logic - a logic we must endeavour to unravel by every means
possible.
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CHAPTER 3

Development of a Toolkit for Manipulating
Malaria Vectors
Flaminia Catteruccia, Anthony E. Brown, Elisa Petris, Christina Scali
and Andrea Crisanti*

Summary

This chapter will review the efforts made by several laboratories to generate in Anopheles
mosquitoes a variety of molecular tools, similar to those available to the Drosophila
community, to exploit the knowledge originating from the A. gambiae genome se-

quence. In particular, we will describe the experiments that have led to the development of
gene transfer technologies for Anopheles, based on the use of efficient transposable elements to
mediate germline integration of foreign genes and reliable selectable markers to detect positive
transformants. This set of tools available for malaria research will be invaluable to improve our
understanding of mosquito-Plasmodium interactions as well as to develop new vector-control
measures. Functional studies to identify mosquito genes crucial for parasite development are
being performed using RNA interference. At the same time, the post-integration behaviour of
transposable elements is being investigated to assess their potential for insertional mutagenesis
studies. It can be envisaged that in the near future transgenic technologies will assist in the
implementation of malaria-control programs based on the eradication of vector species or their
replacement with malaria-refractory populations.

A Historical Perspective to Mosquito Control:
A Case for Genetic Manipulation

Despite massive efforts to develop efficient malaria control programs, the number of ma-
laria cases is on the rise, and is projected to double over the next 20 years if effective control
measures are not introduced.1 In the 1950s and early 1960s, the WHO launched a massive
campaign for malaria eradication by using indoor spraying of DDT and large mass drug ad-
ministration of chloroquine and pyrimethamine. In some cases these programs lacked epide-
miological skills and knowledge, as well as administrative organization. As time progressed, it
became evident that it was difficult to establish effective surveillance in the absence of a solid
health infrastructure. Some of the factors that limited the success of these programs included
the insurgence of DDT resistance in vector mosquitoes and the lack of logistic infrastructures.
In the great majority of countries, eradication was not a realistic goal and there was a need to
change from highly prescriptive, centralized control programs to flexible, cost-effective, and
sustainable programs adapted to local conditions and responding to local needs.2,3 This prompted
research in novel control strategies, based on multi-disciplinary or indeed innovative approaches.
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The idea of controlling vector-borne diseases by a genetic means was proposed more than
four decades ago4,5 but has only recently become a concrete possibility. In the past few years,
remarkable progress has been made in the development of efficient molecular and genetic tools
available for Anopheles mosquitoes, the sole vectors of human malaria. This effort, prompted by
the need to better understand the genetic basis of mosquito-pathogen compatibility, has led to
the achievement of prominent milestones. Genetic manipulation of malaria vectors had been
attempted for two decades, following the development of an efficient transformation system in
Drosophila melanogaster based on the use of the P transposable element.6 The massive research
effort produced to identify the crucial components of a universally suitable transposition sys-
tem culminated in the first germline transformation of A. stephensi mosquitoes,7 followed by
the development of transgenic A. gambiae lines.8 The parallel completion of the A. gambiae
genome sequence has then provided the missing link to exploit genetic manipulation to per-
form functional studies in mosquito vectors of human malaria and develop novel vector-control
strategies.9

The Road to the Development of an Anopheles Transformation System

Transposable Elements
Mobile genetic elements called transposable elements or transposons have been used as

tools to achieve genetic modification of many insect species. Insect transgenesis is a field that
has impressively expanded in the last two decades thanks to the development of techniques to
rapidly evaluate transposon mobility in nonhost insect species, significant advances in transposon
delivery technique, and the discovery of reliable molecular markers essential for the identifica-
tion of transformed individuals in insect species for which markers that complement eye pig-
ment mutants have not been found.

The first germline transformation of an insect species was performed in 1982, when the
P-element was shown to be able to integrate into the genome of D. melanogaster.6 In the follow-
ing years, efforts were made to export the P-element system to other insect species including
mosquitoes. However it soon became apparent that for its activity, P requires cofactors only
present in Drosophila. In fact, P-element activity decreases as a function of relatedness to D.
melanogaster and no bona fide transposition activity has ever been observed outside the
Drosophilidae.10,11 There have been three reported attempts to introduce foreign genes into the
mosquito genome by exploiting the P element. Miller and collaborators transformed A. gambiae
with a P-based plasmid containing a gene coding for resistance to the neomycin analogue
G-418.12 They were able to maintain and study the integration for more than 50 generations.
However transformed lines were obtained at very low frequencies (0.1% of injected embryos)
and integration was mediated by illegitimate recombination rather than by the P-element.
Aedes aegypti13 and Ae. triseriatus14 mosquitoes were also transformed using similar protocols
but in both cases integration occurred at very low frequencies and was not P-mediated. Fur-
thermore transgenic lines were lost in the second generation and analyses were not complete.
Even if between 1985 and 1990 there were numerous attempts to use P-elements in
nondrosophilid insects, they have remained unpublished presumably because transgenic in-
sects were not obtained. The failure to use P to mediate integration of exogenous DNA into the
mosquito germline prompted research on the identification of transposable elements with a
broader host range. For this purpose the Interplasmid Transposition Assay (ITA) was devel-
oped to rapidly screen candidate transposons by assessing their mobility in the cellular environ-
ment of nonhost insect species.15 This assay consists of the simultaneous injection of three
plasmids into the target embryo. Excision of a transposon from a donor plasmid, and subse-
quent integration into a target plasmid mediated by the transposase gene expressed by a helper
plasmid, can be detected using a combination of antibiotic resistance genes. ITA has allowed
high-throughput screens, showing to be a good predictor for the ability of a transposon to
mediate germline integration events. For example, a Hermes transposon from Musca domestica



Genetically Modified Mosquitoes for Malaria Control26

and a mariner element from D. mauritiana were shown to be capable of mobility in Ae. aegypti
embryos16,17 and subsequently mediated the first stable integration of exogenous DNA into
the Ae. aegypti germline.17,18 The minos transposable element from D. hydei was the first
transposon shown to mediate germline transformation of a nondrosophilid insect, the Medi-
terranean medfly Ceratitis capitata.19 Like all Tc1-like elements, minos inserts into many differ-
ent sites of the genome and it requires only the presence of a TA dinucleotide at the target site,
which is duplicated upon insertion. An Interplasmid Transposition Assay demonstrated that
minos was capable of transposing in A. stephensi embryos, and minos-mediated integrations
were obtained in A. gambiae cell lines.20 These results were shortly followed by the first germline
transformation of a human malaria vector, when minos was successfully shown to integrate into
the genome of the Indian vector A. stephensi.7 The following year, transformation of the prin-
cipal vector of human malaria A. gambiae was achieved using the piggyBac transposon from
Trichoplusia ni.8 A piggyBac vector had first been used to transform the medfly C. capitata,21

and since then it has been used to transform a variety of insect species spanning three orders.
PiggyBac inserts at a TTAA target nucleotide sequence, which is duplicated upon insertion.
The broad host-range of this transposon has allowed germline transformation of other mos-
quito species such as Ae. aegypti and A. albimanus.22,23 In addition, mobility of the piggyBac
transposon has also been demonstrated in embryos of Ae. albopictus, the vector of Dengue
fever, and Ae. triseriatus, the vector of La Crosse encephalitis,24 suggesting that germline trans-
formation of these species will be achieved in the near future.

Selectable Markers
Initial attempts to generate transgenic mosquitoes were also hampered by the lack of suit-

able molecular markers of transformation. The first generation of markers for Anopheles trans-
formation consisted of genes conferring resistance to antibiotics, such as the neomycin ana-
logue G-418. However resistance to antibiotics varies considerably among individuals within
the same wild type populations, and such markers have been shown to be unreliable and toxic
to the cells. The germline transformation of the first nondrosophilid insect, the medfly C.
capitata, was achieved only when a suitable visible selectable marker was identified. In C. capitata
a null mutation in the white eye locus could be complemented by a cloned wild-type copy of
this gene.25 In 1998, the first transgenic Ae. aegypti mosquito lines were developed using as a
selectable marker the D. melanogaster cinnabar gene26 to rescue the white eye phenotype of an
Ae. aegypti mutant strain (khw).17,18 This white-eye (w) mutation is caused by a defect in the
kynurenine hydroxilase enzyme that converts kyrunenine to 3-hydroxykynurenine.

As genes capable of rescuing visible mutant phenotypes in Anopheles have not yet been
identified, a crucial step towards the development of transgenic technologies for the vectors of
human malaria was the identification and manipulation of a series of fluorescent proteins de-
rived from jellyfish or from corals. In a short time, this new generation of visible selectable
markers has revolutionized the field of insect germline transformation. The first fluorescent
protein to be used in germline transformation was the green fluorescent protein GFP from the
jellyfish Aequorea victoria.27 GFP is a protein of 238 amino acid residues, with a large absor-
bance peak at 395 nm and a smaller peak at 475 nm. Excitation at 395 nm yields an emission
maximum at 508 nm. GFP was successfully used as a vital marker in D. melanogaster.28 How-
ever, attempts to use GFP to transform A. stephensi mosquitoes failed, probably due to the
instability of this protein (Catteruccia unpublished results). Since then a battery of red-shifted
GFP mutants have been developed with improved qualities. The enhanced green fluorescent
protein EGFP proved to be a reliable marker in the first germline transformation of A. stephensi
mosquitoes,7 and has since been used to transform A. gambiae8 and A. albimanus23 as well as
Culex quinquefasciatus,29 and Ae. aegypti.30 Two stable mutants of GFP, the cyan fluorescing
variant ECFP and the yellow fluorescent protein EYFP, have been used as transformation markers
in Drosophila and can be distinguished using specific filter sets.31 Currently, the use of EYFP is
being validated in mosquito transformation after being successfully used in A. gambiae cell
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culture experiments (Catteruccia unpublished data). Importantly, the red fluorescent protein
DsRed from the coral Discosoma has also been validated as a selectable marker for anopheline
mosquitoes.32 The availability of a second marker is crucial for studies based on multi compo-
nent genetic systems, such as the UAS/GAL4 system and transposon remobilization experi-
ments. The availability of flexible vector systems based on Hermes, mariner and piggyBac
transposons, has also facilitated the transformation of a wide range of arthropod species.31

Functional Genomics in Anopheles
In this post-genomic era, with the genome sequences of most biologically important organ-

isms complete, the research focus is on understanding the functions of individual genes on a
genome-wide level. The number of known Anopheles genes is estimated to be in the region of
13,000–14,000, and a research priority is to understand the biochemical role of each of these
genes and how their functions interact. In D. melanogaster, functional studies are usually per-
formed randomly with chemical mutagens such as ethane methyl sulfonate33 and through
remobilisation of integrated transposons.34,35 The genetic characterisation of nearly 60% of all
the genes in Drosophila has been achieved using one or other of these approaches.36,37 Al-
though chemically-induced mutagenesis is not practical on a genome-wide scale due to the
difficulty in identifying such mutations at the DNA level, transposon-mediated insertional
mutagenesis has proven to be extremely useful. Insertional mutagenesis involves the mobiliza-
tion of transposons into new chromosomal positions and the disruption of gene activity in the
associated locus. Usually a marked, nonautonomous ‘mutator’ element is mobilized by a
‘jumpstarter’ element providing, in trans, the transposase activity. Enhancer elements can also
be isolated in such screens, when integration of a reporter gene allows the identification of a
tissue-specific pattern of expression. Such applications require high rates of remobilization in
the presence of active transposase.

P element-mediated mutagenesis has been used in Drosophila to mutate ∼25% of genes
essential for adult viability.38,39 This has greatly increased our understanding of fruitfly behaviour
and biology, leading to the identification of many genes involved in development, immunity,
tissue modelling and embryogenesis.34,40,41 However, P elements do not distribute randomly
within or between genes but favour certain “hotspots”, frequently integrating near or within
gene promoters.41 This characteristic of P elements makes saturation mutagenesis difficult and
results in undesirable hypomorphic mutations. The use of other transposable elements has
helped to overcome this limitation. Recently, piggyBac was shown to be as efficient as the
P-element in transposon-mediated mutagenesis. Using piggyBac as a second mutagen, whose
insertion profile is significantly more random than that of P, especially regarding “hot” and
“cold” areas of the genome, inserts in essential genes that were previously recalcitrant have been
generated.37,42,43 Novel autosomal insertions have been recovered with an average jumping rate
of 80%.43 Insertions were located in both coding and noncoding regions of already character-
ized genes and in uncharacterized and non P-element-targeted genes. A total of nine novel
transposon-mediated lethal insertions were identified. Furthermore, an enhancer-detection
system was also able to detect head-specific, thorax-specific, abdominal-specific and leg-specific
enhancers. The Hobo transposon has similarly been used in transformation and enhancer trap-
ping, and shown to have different insertion specificity from that of P.44 Addition of more
transposable elements to this kind of study is likely to push these screens towards saturation.

The introduction of P-mediated mutagenesis in Drosophila has served as a paradigm for
developing similar methodologies in other organisms. Studying the post-integration behaviour
of transposons in insect species is important to predict whether they would represent useful
tools in insertional mutagenesis studies. In Anopheles, large-scale insertional mutagenesis stud-
ies are constrained by practical and technical issues that limit their use. A mosquito’s obligation
for blood feeding to propagate the next generation, its aquatic larval developmental stage and
the lack of single pair mating all combine to make large-scale remobilisation screens challeng-
ing in time and space. However, remobilization of integrated transposons could serve an
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important role in smaller-scale studies. To date, in mosquitoes, data exists only on the
remobilization potential of the MosI (mariner), Hermes and piggyBac vectors in Ae. aegypti.
MosI-based gene vectors were found to have a very low remobilization potential in both the
soma and germ-line of Ae. aegypti.45 Few somatic transpositions were detected and only a
single germ-line transposition event was identified in 14,000 progeny (0.01%), suggesting
MosI may not be a good candidate for transposon-mediated insertional mutagenesis. Further-
more, of the transposition events detected, approximately 25% (4/17) had occurred into a
copy of the transposon itself. Hermes transposition has also been investigated in Ae. aegypti
using a marked autonomous transposon. Hermes was found to transpose in the somatic cells of
Ae. aegypti using a typical cut and paste mechanism characteristic of other class II transposable
elements; however, remobilization in the germ-line was not detected despite several attempts.46

Although not well documented, piggyBac appears to be inefficiently mobilized in Ae. aegypti.46

Minos remobilizations have also been investigated. In D. melanogaster, transposition of an
X-linked minos transposon into new autosomal sites occurred in 1–12% of males, demonstrat-
ing its potential for use in transposon-mediated insertional mutagenesis.47 Donor sites after
excision of minos were repaired 3 fold more frequently with gap repair (homologous recombi-
nation) than ligation repair (nonhomologous recombination). Direct injection of transposase
mRNA was found to greatly increase the efficiency of transposition (31.8%).48 The
transposase-mediated mobilization of a minos transposon in the presence of a chromosomal
source of transposase is currently being investigated in the soma and germ-line of A. stephensi
(Scali and Catteruccia, unpublished results).

Recently, a method to facilitate gene targeting by homologous recombination using a yeast
recombinase was developed in Drosophila49 and led to the targeting of more than 20 different
loci,49-52 most of which had not been previously identified in genetic screens.51 Although its
heterologous nature makes it readily transferable to Anopheles mosquitoes, such a targeting
system is based on an extremely complex tripartite molecular mechanism that occurs at rela-
tively low frequencies and takes about six months per target gene, making it too laborious for
large-scale screens of gene function.

With the publication of the A. gambiae genome sequence, a more rapid link between se-
quence data and biological function can be established. Reverse genetic analysis, that is the
disruption of the activity of a molecularly characterised gene and examining the phenotype of
the resulting mutant, provides the opportunity to do this. It is now possible to perform targeted
functional studies by using RNA interference (RNAi) technology, in a highly-sequence-specific,
inexpensive and technologically feasible manner. A significant advantage of this technology is
that it perfectly complements other functional genomic platforms. The use of DNA microarrays
for example, allows the entire set of ~13,000–14,000 A. gambiae genes to be represented in a
single slide and the transcriptome to be analysed for changes in gene expression in the mosquito
in response to parasite development. Those genes that are upregulated upon parasite infection
could be the focus of follow-up functional screens and be specifically targeted (rather than the
fortuitous knockout mediated by insertional mutagenesis).

RNA Interference: A Universal Approach to Functional Genomics
RNA interference was first discovered in the nematode Caenorhabditis elegans53 but has

since been show to be active in organisms as diverse as plants,54 fungi,55 mammals,56 and
insects.57 As such it has been universally adopted as the method of choice to perform func-
tional genomic studies in organisms that, like Anopheles, have previously proven intractable to
targeted gene manipulation and whose genomes remain largely uncharacterised.

Silencing is first initiated when long dsRNA trigger molecules, introduced into a cell by
microinjection, electroporation or transfection, are processed into 21-23 nucleotide small in-
terfering RNAs (siRNAs)58-61 by the RNase III enzyme Dicer (Fig. 1, i).62,63 These siRNAs are
proposed to first assemble into a 360-kDa ribonucleotide protein complex (RNP) that trans-
fers the siRNA to the RNA-induced silencing complex (RISC).64 Upon activation with ATP,
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Figure 1. A versatile RNAi toolbox for Anopheles mosquitoes. Double-stranded RNA (dsRNA) homologous
to the target gene is delivered by either of two methods: A) by the tissue-specific expression of an IR in vivo
(P, tissue specific promoter), or B) by the injection of in vitro-transcribed dsRNA into individual mosqui-
toes. Transgenic RNAi can be further enhanced by utilising the GAL4-UAS system, directing dsRNA
expression in specific tissues (C). In this system, one mosquito line (green) is developed that expresses the
yeast transcriptional activator GAL4 under the control of a tissue-specific Anopheles promoter (P). A second
transgenic line (red) is developed by inserting the upstream activating sequence (UAS), to which GAL4
binds, next to a target gene-specific IR. Crossing these two transgenic lines results in F1 progeny that
specifically express dsRNA in tissues where GAL4 is expressed. i) DsRNA delivered by each means is cleaved
into small interfering RNAs (siRNAs) by Dicer (red). The siRNA/Dicer complex is then recruited by the
ribonucleotide protein complex (RNP) (blue) and transferred to the RNA-induced silencing complex
(RISC) (purple). ii) RISC becomes activated by unwinding of the siRNA duplex by an RNA helicase.
iii) The sense strand dissociates from RISC and is replaced by the target mRNA complementary to the
antisense siRNA strand. A nuclease activity then cleaves the mRNA, leading to post-transcriptional silenc-
ing of the target locus. A color version of this figure is available online at http://www.Eurekah.com.
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siRNAs are unwound by a helicase activity, releasing the sense strand from the complex, and
concomitantly inducing a conformational change in RISC (Fig. 1, ii).65 The antisense siRNA
strand then guides the activated RISC to recognise and cleave cognate mRNA at a single site
near the centre of the newly formed duplex (Fig. 1, iii).66,67 Crucially, cleavage of the mRNA
regenerates an active nuclease competent to mediate endless rounds of strand exchange and
cleavage.

In D. melanogaster microinjection into early embryos has primarily been the route of choice
to deliver in vitro synthesised dsRNA to whole organisms.57 While the silencing effects of dsRNA
last for several days, gene silencing by these means is generally transient and noninheritable.
Wild-type gene activity is eventually restored because siRNAs are diluted by cell division and
degradation. Thus, with the exception of C. elegans53 and flour beetle Tribolium castaneum,68

where silencing is inherited by the F1 progeny, RNAi mediated by these means is generally
insufficient to see a strong hypomorphic phenotype during late stages of development. To cir-
cumvent this, methods have been developed to express dsRNAs in situ from stably integrated
transgenes that contain two copies of the target gene arranged in an inverted repeat (IR) con-
figuration.69,70 Thus, hairpin RNA is expressed in vivo whenever the IR is transcribed from an
upstream promoter (Fig. 1A). Transgenic RNAi, however, often shows variable and incomplete
silencing effects that have been insufficient to produce a mutant phenotype for some genes.71

By including a short intron-spacer between the two complementary arms of the IR,72 or by
creating an IR that fuses genomic DNA containing exons and introns to an inverted comple-
mentary cDNA,71 the efficiency of gene silencing has been improved. It is hypothesised that
intron excision might facilitate the alignment of the complementary arms of the hairpin, pro-
moting dsRNA formation, or might increase the efficiency of dsRNA export from the nucleus.

The Role of RNAi in Revealing Mosquito Genes Regulating Parasite
Development

RNAi can be efficiently invoked by injecting dsRNA directly into the body cavity of newly
emerged adult A. gambiae mosquitoes (Fig. 1B).73 This is a versatile approach with which to
investigate the molecular basis of vectorial capacity and the dynamics of the Anopheles-
Plasmodium relationship. Now that the research community has access to the genome se-
quence of A. gambiae, a systematic approach to target gene identification can be undertaken.
Comparative analysis with the genome sequence of D. melanogaster, for example, led to the
identification of 242 genes from 18 gene families putatively implicated in innate immunity.74

A total of 100 of these genes have been subject to the first large-scale RNAi-based genetic
screen in Anopheles that has helped identify two novel antagonists to Plasmodium development,
the thioester-containing protein TEP1, a leucine-rich immune protein, LRIM1, and two novel
agonists, the C-type lectins CTL4 and CTLMA2.75,76 Despite the versatility of this RNAi
approach, interference with gene expression is only transient, and is not stably inherited. Con-
sequently, knockdown experiments have to be repeated to perform in-depth biochemical stud-
ies. By expressing dsRNA in situ in mosquitoes from stably integrated transgenes with dyad
symmetry these limitations are overcome and an unlimited supply of uniformly mutant
transgenic organisms is readily available for biochemical studies.

In validating heritable RNAi for Anopheles,77 Brown et al generated transgenic A. stephensi
mosquitoes stably expressing an RNAi transgene designed to produce intron-spliced dsRNA
targeting the green fluorescent protein EGFP gene. Crossing these RNAi effector lines with an
EGFP-expressing target line resulted in dosage-dependent EGFP silencing. Significantly this
study also revealed that like Drosophila,71,78 transgene-mediated gene silencing in Anopheles is
strictly confined to those cells in which the target gene and dsRNA gene are coexpressed. Thus
it seems that, while, in common with transgenic RNAi in C. elegans,79 dsRNAs delivered from
the extracellular environment can readily cross the cell membrane and invoke RNAi, when
produced intracellularly from stably integrated transgenes, they cannot spread to neighbouring
cells to perpetuate the silencing signal.
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The cell autonomous nature of transgenic RNAi significantly extends its experimental pos-
sibilities. By placing dsRNA expression under the control of a tissue-specific promoter it should
be possible to tailor it to coincide spatially and temporally with the development of the Plasmo-
dium parasite in the mosquito. In this way gene expression in other tissues would not be af-
fected, avoiding any additional pleiotropic effects this may bring. Expression of the RNAi
transgene could be controlled by a bipartite system such as the GAL4-UAS system (Fig. 1C), or
an inducible gene expression system such as ‘Tet-On’ and ‘Tet-Off ’ systems recently developed
for anopheline mosquitoes.80 Thus, with analogy to the collection of enhancer trap lines that
have been developed in Drosophila,81 a library of driver lines could be established, each direct-
ing the expression of a transcriptional activator in a precisely defined manner, which could
then be crossed to dsRNA responder stocks, permitting one to dissect multiple roles of the
same gene in different tissues and at different developmental stages. One area of research that
should benefit from this approach is the identification of specific molecules on the surface of
mosquito tissues that function as receptors for parasite development.

Future Directions for Functional Genomics in Anopheles Mosquitoes
The completion of the A. gambiae genome project allows the possibility to perform

genome-wide RNAi screens. Shortly after the C. elegans genome sequence became available,
oligonucleotide primers were designed for generating dsRNAs against every protein-coding
gene for use in genome-wide RNAi screens.82-84 A similar strategy has recently been employed
to undertake genome-wide screens in Drosophila cell culture.85 With the development of a
whole transcriptome microarray for Anopheles, a collection of templates from which to synthesise
dsRNAs will soon be available. It remains to be seen, however, whether current protocols based
upon microinjection will be appropriate for such a large undertaking.

Transgenic Technologies for Malaria Control
The development of new genetic and molecular tools for Anopheles mosquitoes has pro-

vided new strength to malaria eradication programs based on vector control. Transgenic tech-
nologies could be used to replace natural disease-transmitting populations with genetically
modified mosquitoes (GMM) refractory to malaria parasites, or to suppress or eradicate field
populations by introducing large numbers of GMM sterile males in Sterile Insect Technique
(SIT) programs. A series of effector mechanisms have been proposed to block malaria trans-
mission in the mosquito vector. Using genetic transformation, modifications have already been
introduced which demonstrate a capacity to interfere with malaria development. The bee venom
phospholipase A2 (PLA2) has been shown to strongly inhibit oocyst formation by interfering
with ookinete invasion of the midgut epithelium of transgenic A. stephensi mosquitoes, possi-
bly by modifying the properties of the midgut epithelial membranes that are invaded by the
parasite.86 An artificial peptide SM1 (for salivary gland-and midgut-binding peptide 1) strongly
inhibited the crossing of the midgut epithelium by Plasmodium parasites.87 Concerns have
however been raised over the safety, ethical and efficacy issues related to the release of such
effector molecules in the field.88,89

The alternative strategy of developing SIT for malaria control is gaining some support in
the mosquito community. SIT is a species-specific method of insect control that depends on
the mass rearing, sterilization and release of large numbers of male insects into the general
population.4,5 As the mating of sterile males with wild type virgin females would produce no
progeny, if large numbers of sterile males are released over a sufficient period of time, and the
percentage of multiple matings is low, the local eradication of the pest population will ensue.

The paradigm of area-wide SIT programs has been the successful elimination of the New
World screw worm, Cochliomyia hominivorax, from the southern states of the USA, Mexico
and all of Central America.90 This area is now protected from reinvasion from South America
by the release of relatively small numbers of sterile flies across a narrow barrier in Panama.
Mosquito releases have also been performed for numerous purposes related to SIT. Many studies
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were targeted at answering a specific question and did not anticipate immediate population
suppression. Several suppression studies have also been attempted, but the programs were not
of sufficient scale to be effective in nonisolated areas. Regardless of species, various prominent
technical causes contributed to failure of mosquito releases:

1. Production below desired levels due to absence of sexing strains or delays in production;
2. Loss of male fitness owing to sterilization technique;
3. Immigration of mated females into release areas.

It must be stressed that different vector species need to be targeted in order to achieve
suppression of the malaria parasite, rendering the application of SIT in malaria-control pro-
grams more complicated than the eradication of the screwworm. Moreover, multiple matings
of female mosquitoes have been reported in the field, which could impair the efficacy of SIT
programs.91 However, SIT could be successfully implemented in areas where there exist a simple
vector-parasite relationship and where the immigration of mated females or other vector spe-
cies is not likely to occur.

Transgenic technologies have been proposed to help the generation of effective genetic sex-
ing strains and to induce sterility in males without the need for irradiation. Current methods of
separation of the two sexes are based on inefficient procedures such as the elimination of fe-
males based on the size of the pupae and pseudo-linkage of sex chromosomes to insecticide
resistance and pupa colour alleles. Genetic manipulation of the mosquito genome could allow
the development of reliable sexing strains and induce sterility in males without affecting mat-
ing competitiveness, making SIT programs far more powerful. It is feasible that targeting genes
specific to spermatogenesis (the generation of mature sperm cells) or the sex-determination
pathway could generate sterile male mosquitoes, which have a higher level of competitiveness
than irradiated males. It is safe to predict that in the next few years SIT will benefit from a
battery of novel molecular and genetic tools for the development of efficient genetic sexing
strains and competitive sterile male mosquito populations. Regardless of the control strategy
implemented, questions concerning horizontal transfer, toxicity against nontarget species and,
in the case of SIT programs, effects of mosquito eradication on the food chain, will need to be
scrupulously addressed, both in the laboratory and in caged trials, before a release of transgenic
mosquitoes is performed.92
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CHAPTER 4

Immune System Polymorphism:
Implications for Genetic Engineering
Tom J. Little*

Summary

As is apparent from the evolution of antibiotic resistance or vaccine escape mutants,
parasites and pathogens have the capacity to repeatedly evolve adaptations which enable
them to overcome medical interventions. However, evolution may also occur as a natural,

ongoing coevolutionary process. Genes involved in the coevolutionary process tend to show
high levels of sequence polymorphism because they are the focus of repeated host adaptation
and parasite counter adaptation. Knowledge of variation at genes involved in this process, i.e.,
knowledge of genes that are locked into arms races and thus periodically stimulate pathogen
evolution, would seem to be a crucial part of strategies to genetically engineer disease-carrying
mosquitoes. Here I summarise what is known about polymorphism in the mosquito immune
system and highlight how polymorphism can impact our attempts at intervention. Studies of
mosquito immune gene variation are in their infancy, but application of the tools of evolution-
ary biology holds promise for making the genetic modification of vectors a predictive process.

Introduction
Parasites and pathogens have the capacity to repeatedly evolve adaptations which enable

them to overcome medical interventions designed to thwart disease. This is apparent in bacte-
rial antibiotic resistance, vaccine escape mutants, and possibly the evolution of virulence in
response to vaccines that immunise relatively weakly.1 In some cases, it seems that the pathogen’s
capacity to circumvent medical technology is greater than our capacity (or will) to develop new
strategies.2-4 It is crucial that we learn everything possible from these examples as medical
intervention encompasses new technologies such as genetic modification of disease vectors.

However, it is not just medical intervention that drives pathogen evolution. Parasites (by
their nature) reduce host survival and reproduction which hosts counter with responses (via
their immune system) that in turn reduce parasite fitness. This reciprocal antagonism may lock
host and parasite into a process of constant change. Thus, the evolution of pathogens and
parasites may also occur as an ongoing, natural coevolutionary process. A significant body of
theory supports this: dynamic polymorphisms or arms races are a common outcome of com-
puter simulations of host-parasite coevolution.5-7 Evolution in response to medical interven-
tion will be influenced by some of the same factors which govern natural coevolutionary dy-
namics. One prediction from coevolutionary theory is that genes involved in antagonistic
interactions will show high levels of DNA sequence polymorphism, and this prediction ap-
pears to be met.8 Framed in reverse, genes which show high levels of adaptive polymorphisms
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are likely to be those involved in the coevolutionary process; they are the host defense genes for
which parasites have the capacity to adapt against. Such a process brings about the possibility of
specific interactions, where host defences are finely tuned to particular pathogen types or
strains.9,10 Similarly, pathogen adaptation to a specific genotypes, is often accompanied by a
loss of adaptation to other genotypes.11

Thus, understanding of variation at genes involved in resistance would seem to be a crucial
part of strategies to genetically engineer disease-carrying mosquitoes. For example, defense
genes for which parasites may evolve to overcome are not desirable targets for genetic engineer-
ing. In addition, identifying genes involved in resistance polymorphism should enhance our
general understanding of parasite strategies to overcome factors (natural or otherwise) which
oppose their establishment and development. With a thorough understanding of mosquito
immune-gene polymorphisms, it may be possible to make generalisations about the type of
host defense gene that malaria is most commonly able to overcome. For example, large amounts
of amino acid polymorphism in antimicrobial peptides could indicate that any given variant of
these cytosolic peptides has a short evolutionary lifespan of effectiveness, and must constantly
evolve to remain effective.

In this chapter I will explore these issues with special reference to the immune system of
Anopheles gambiae, a species which is the target of genetic engineering to reduce its vectorial
capacity with the agent of human malaria, Plasmodium falciparum. I need to first summarise

Table 1. Classification of the genes of the mosquito immune system into four
functional classes. N is the number of gene copies present in Anophleles
gambiae

Function Gene N Function or Putative Function

Recognition PGRP 3 Recognises peptidoglycans on pathogen cell surfaces24

TEP 15 Complement-related opsonin13,57,72

GNBP 6 Recognition of gram-negative bacteria, LPS,
β-1-3 Glucans13,73

Scavenger Receptor 22 Recognises various ligands, disposes of bacteria.
C-type Lectins 22 Induced by bacteria and Plasmodium,

involved in cell-adhesion74

Modulation CLIP-domain serine 41 Associated with TOLL and PO cascade13,57

proteases
Serpin 10 Protease inhibitor, upregulated during

Plasmodium invasion13,57

Transduction Toll/Toll-related 10 Receptor, stimulates cascade for antimicrobials13,75

Relish 2 Transcription factor in Toll cascade76

MyD88 1 Signal transduction in Toll cascade13

Tube 1 Signal transduction in Toll cascade13

Pele 1 Signal transduction in Toll cascade13

Cactus 1 Signal transduction in Toll cascade13

Imd 1 Receptor, stimulates cascade for antimicrobials13,75

STAT 1 Receptor, stimulates cascade for antimicrobials13,75

Effectors Defensin 4 Antimicrobial peptide13,77

Gambicin 1 Antimicrobial peptide78

ICIHT 1 Chitin binding antimicrobial74

Cecropins 4 Antimicrobial peptide13

Prophenol Oxidase 9 Critical for melanin production13

Caspases 12 Implicated in immunity during Plasmodium invasion79

Nitric Oxide Synthase 1 NO inhibits parasite development74
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what is know about the mosquito immune system, followed by a description of common analyses
of polymorphism aimed at readers unfamiliar with the study of variation. Lastly, I will try to
place my ideas in context, and provide examples where evolutionary biology, which is essen-
tially the study of polymorphism, has proven useful in more applied fields and should be
incorporated into modification programs.

The Mosquito/Dipteran Immune System
In the past 10 years understanding of the genes controlling the innate immune system of

invertebrates has exploded, paralleling a rise in interest in innate immune systems generally.12

Appreciation of invertebrate immune systems has been advanced largely through the Droso-
phila and Anopheles genome projects and associated post-genomic studies.13,14 However, stud-
ies of other organisms have also made notable contributions15-18 and it is now apparent that
virtually all metazoans share certain immune system components.19,20

Following Christophides et al (2002), the gene families of the mosquito immune system
can be split into four main components: (1) those involved in pathogen recognition, (2) those
involved in signal modulation, (3) genes of signal transduction pathways, and (4) effector
molecules. A schematic of the humoral immune system is provided (Fig. 1), and a more com-
prehensive summary of immune-related genes identified in Anopheles is given in Table 1. Briefly,
recognition molecules (called pattern recognition receptors or PRRs) detect pathogen-associated
molecular patterns (PAMPs, typically conserved pathogen cell-surface motifs).21 Carbohydrates
such as lipopolysacharides or peptidoglycans are common PAMPs, though there are a great
many other pathogen components known to be stimulants. Through a variety of signal modu-
lation and transduction peptides, PRR’s initiate enzyme cascades which ultimately produce the
effector molecules that are deadly to pathogens.

Figure 1. Schematic showing components of the invertebrate innate immune system. Immunity is accom-
plished through a variety of pattern recognition receptors that detect pathogen molecular signatures and
then initiate cascades that ultimately produce products that are harmful to pathogens.
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Two of these enzyme cascades are particularly well-studied. First, the phenoloxidase cascade
produces melanin which is both toxic to pathogens (including Plasmodium22) and is used to
encapsulate parasitoids.18 The second notable enzyme cascade is that mediated by
membrane-bound TOLL receptors.23 TOLL or TOLL-like receptors (TLR’s) are a conserved
component of the innate immune system, present in insects and humans. In insects, it appears
that peptidoglycan recognising proteins are one of the important PRR’s alerting TOLL’s to the
presence of invaders. The end products of the intra-cellular cascades originating with TOLL’s
are cytosolic antimicrobial peptides (effectors). Almost 100 antimicrobial peptides have been
identified from insects, and they often occur as multi-gene clusters, function in different ways,
and are expressed in different tissues. TOLL’s themselves exist as multi-gene families (ten in
Anopheles). Moreover, there is diversity in the peptidoglycan-recognising proteins that interact
with TOLL,24,25 thus this cascade and its associated molecules encompass a considerable amount
of diversity.

Evolutionary biologists ask a variety of questions about the evolution of this immune-related
genome. Because of the conserved nature of innate immunity, analyses of invertebrate systems
can tell us something about (1) the origins of the adaptive immune system, even though many
of the molecules involved in vertebrate acquired immunity are clearly lacking from inverte-
brates, or (2) the role of innate immunity in vertebrates. Moreover, because flies have an

Figure 2. Illustration of three types of polymorphism that can result from natural selection. In each com-
parison of two diploid species, there is nucleotide variation in the second, fourth and sixth triplets. For
purifying selection, differences among species are largely at silent sites and there is little polymorphism
within species. For positive selection (the signature of a molecular arms race) replacement substitutions
figure prominently in differences among species, but there still will be little polymorphism within species.
The hallmark of balancing selection is polymorphism within populations where alleles may be highly
divergent.



Genetically Modified Mosquitoes for Malaria Control40

immune system that is so similar to the vertebrate innate system, this provides the opportunity
to study the effects on innate immunity on its own, without the confounding impact of ac-
quired immunity. I will now discuss how and why evolutionary biologists examine polymor-
phism at particular genes. These analyses are just beginning to be applied to the immune-related
genome of invertebrates.

The Study of Sequence Polymorphism
Different forms of pathogen-mediated natural selection leave a distinct stamp on gene se-

quences, and these differences are discernible when comparing DNA polymorphism patterns
among populations and species (Fig. 2).26-28 For example, with purifying selection, new muta-
tions are less fit and are pruned from the population, thus this process will generate low levels
of amino acid polymorphism in genes. Consequently, sequence polymorphism is primarily of
the nonsynonymous or silent variety. By contrast, host-parasite coevolution can result in diver-
sifying selection which promotes variation for resistance. Diversifying selection, broadly de-
fined, may take two forms. Firstly, host-pathogen interactions can result in arms races, whereby
new variants have an advantage and so natural selection proceeds as a series of directional
selective sweeps. This is evident as an elevated rate of amino acid replacement among species
accompanied by a loss of heterozygosity within species (because mutants tend to go to fixa-
tion). Secondly, coevolution may promote diversity by maintaining allelic variants through
frequency-dependent or over-dominant selection. The maintenance of polymorphism through
these mechanisms is evident as the deep divergence of alleles at single loci, as has occurred for
MHC alleles.29-33 Arms races or balancing selection may act simultaneously.34

Variation in infection rates and vectorial capacity may be attributable to genetic variation
arising or maintained through these forms of diversifying selection, and it is through molecular
population genetic analysis of species and populations that immunity genes associated with
coevolutionary diversification are identified. Work of this nature can test the general hypoth-
esis that different genes will be subject to different, predictable forms of selection (e.g., purify-
ing vs directional selection) related to their function. Such work may also illuminate the level
of specificity and attenuation typical of interactions. However, the importance of genetic poly-
morphism in the immune-related genome of mosquitoes, or insects generally, is not yet clear.
Compared to other parts of the genome, adaptive polymorphism may be common in insect
immune system genes,35 but much work remains to be done. Indeed, the study of immune-gene
polymorphism in arthropods lags behind that of vertebrates or plants.29-34

Among the arthropoda, only immune genes from Drosophila and the crustacean Daphnia
have been subject to molecular population genetic analyses of polymorphism. A genome-wide
study comparing D. melanogaster to D. simulans indicated that immune system genes are sub-
ject to positive selection to a greater extent than are other parts of the genome.35 When particu-
lar genes have been the target of study in Drosophila, results have been mixed: genes for antimi-
crobial peptides and Peptidoglycan Recognizing Proteins largely showed evidence of purifying
selection,36-40 but the transcription factor Relish gave evidence of positive selection.41 Studies
of Daphnia concerned two genes, one of which, a Gram Negative Binding Protein gene showed
evidence of purifying selection, while another gene, an Alpha-2-Macroglobulin, showed evi-
dence of positive selection.42 Initial work I have done on Anopheles mirrored these results from
Daphnia. Specifically, an immune related gene in the peptidoglycan recognising group showed
evidence of purifying selection, while a Thioester-containing protein (Alpha-2-Macroglobulin
is within the Thioester-containing family of proteins) showed evidence of positive selection
(Little and Cobbe, submitted).

Polymorphism and the Genetic Basis of Resistance in the Mosquito
For many parasitic interactions, it has been possible to identify genes that underlay varia-

tion in host susceptibility, and indeed a number of prominent examples come from human
interactions with Plasmodium falciparum.31,43,44 However, for most interactions it has not been
possible to identify such genes. Based on phenotypic studies, mosquito-pathogen interactions,
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as with most hosts and pathogens (reviewed in ref. 45), show genetic-based variation for para-
site resistance.46-49 Recently, mosquito genes that crucially mediate Plasmodium invasion in
mosquitoes have been identified. In particular gene silencing Anopheles gambiae C-type lectins
greatly enhanced melanisation of Plasmodium berghei, while silencing of a leucine rich-repeat
protein and a TEP gene greatly inhibited the host immune response.50,51 Given the key role
that these host genes play during Plasmodium invasion, one would predict that their action
would stimulate an evolutionary response in Plasmodium populations, i.e., such genes could be
part of an arms race, and this ought to be reflected in patterns of polymorphism.

Overall, however, there is almost no knowledge of polymorphism in mosquito immune
systems. At present we can only speculate over which components of the immune system are
likely to be the source of variation among mosquitoes By analogy with plant and vertebrate
systems, host proteins which recognise pathogens and/or directly interact with pathogens are
prime candidates for the detection of adaptive polymorphism.30,31 However, initial studies on
other arthropods do not indicate that this will be the case, as both recognition and attack
molecules showed little evidence of adaptive polymorphism (references above).

In regards to recognition molecules, it may be important to consider the various ways in
which they work. An important concept in the current understanding of innate immunity is
that of the PAMP-PRR interaction.21,52 Many PAMPs are conserved molecules, often polysac-
charides, that are essential for the survival of the pathogen, and as such cannot easily be modi-
fied to conceal their recognition by the host. If PAMP escape mutants are unlikely, then PRRs
are also unlikely candidates for an arms race. The invertebrate PRR’s that recognise conserved
polysaccharides probably showed low levels of variation for this reason.40,42 Thioester contain-
ing proteins, by contrast, may function as serine protease inhibitors that recognise and bind
pathogen proteins. Little (2004) argued that TEP’s may show evidence of positive selection
because they are subject to a host parasite arms race centred on host evolution to produce TEPs
that inhibit parasite serine proteases and parasite evolution to produce serine proteases that go
unrecognised by hosts. TEP genes seem particularly promising targets for the study of poly-
morphism given their established relevance for vectorial capacity.51

In general, gene products involved in protein-protein interactions (as opposed to, for ex-
ample, the protein-carbohydrate interactions typified by PGRPs or GNBPs) seem more prom-
ising candidates for arms races. Serpins, which are common to most immune systems, provide
an interesting example of elevated amino acid evolution based on studies of mammals and of
parasitic nematodes.53-55 Host Serpins may function similarly to TEP proteins by binding
pathogen serine proteases,55,56 or they may regulate host serine proteases involved in immune
cascades.18,57 Given this latter function, adaptive evolution of host Serpins might suggest that
these proteins are involved in arms races linked to manipulation strategies by pathogens, which
will evade the immune response when Serpins are prevented from performing their usual role
in the immune response. Another example of an arthropod immune gene showing evidence of
elevated amino acid replacement comes from a transcription factor; the NF-κB/ΙκB protein
Relish from Drosophila. Indeed, most examples of adaptive polymorphism seem to come from
signal modulation or signal transduction genes,35,38 leading to speculation that most coevolu-
tion between insects and their pathogens is centred on immuno-manipulation strategies by
pathogens.41 Concerning malaria/ mosquito interactions it has been suggested in two comple-
mentary experiments58,59 that malaria parasites P. gallinaceum are able to suppress Aedes aegypti
melanisation responses.

Polymorphism and Genetic Engineering
Determining the nature of nucleotide polymorphism in mosquito genes that are relevant

for Plasmodium invasion would identify genes that are locked into arms races and thus periodi-
cally stimulate pathogen evolution. Thus, understanding of polymorphism in Plasmodium-
Anopheles interactions can aid genetic engineering strategies by helping to determine to types of
genes suitable for modification. Unfortunately, the required studies of mosquito immune gene



Genetically Modified Mosquitoes for Malaria Control42

variation are in their infancy. There are some analogies here with the challenges faced when
choosing antigens for vaccine development in vertebrates. On one hand, it is sensible to choose
antigens that that the immune system has the capacity to detect, but these tend to show large
amounts of polymorphsim, which is an adaptation against immune defense. Antigens based on
polymorphic proteins may not give widespread protection if strain variation in the wild is
beyond the degeneracy of the immune response to the vaccinating antigen. The issue is with
the degree of specificity. Highly invariant proteins seem better targets for vaccine development,
but there conservation often indicates that host immune system is not sensitive to them.

To further facilitate predictions about the likely outcome of parasite evolution on geneti-
cally modified mosquitoes, it should be possible to study the experimental evolution of Plasmo-
dium through natural and modified mosquitoes, and has been accomplished with parasite
passages through vertebrate hosts.60 As part of experimental studies of polymorphism, it will be
necessary to establish the level of specificity and attenuation. Given the possibility of highly
specific interactions,46,61 it may be necessary to avoid model systems and perform experiments
on natural combinations of the species of greatest medical relevance.62 With deep knowledge
of both natural levels of DNA polymorphism and likely adaptive outcomes established through
experimental evolution, it may be possible to make robust predictions regarding the spread of
strains resistant to particular modifications of mosquito defenses. Naturally, a number of out-
comes will be difficult to predict. For example, if any introduced gene is foreign, i.e., has never
naturally been part of a mosquito genome, it would be very hard to predict its performance
within its new host genome.63 Or, if the introduction of a genetically modified mosquito stimu-
lates pathogen adaptation against the newly introduced allele, this could relax selection on
other parts of the immune-related genome that would otherwise be under parasite-mediated
selection.

An appropriate comparison is with the evolution of antibiotic resistance, where there is now
thorough knowledge of both the mechanisms that confer resistance and their energetic costs.64

The study of antibiotic resistance has advanced to the stage where predictions about the speed
of evolution are feasible, including the number of amino acid substitutions required to confer
resistance.65 Of course, work on antibiotic resistance was greatly accelerated by its rise to promi-
nence as a serious medical health issue. We should attempt to avoid a similar progression of
events and post hoc problem solving regarding Plasmodium evolution in response to genetically
engineered mosquitoes.

In general, understanding the capacity of parasite or pathogens to overcome host defenses
or medical interventions ultimately requires the tools of evolutionary biology. In addition to
the arguments made above, the tools of evolutionary biology and ecology may also contribute
to the effective use of genetically engineered mosquitoes through the study of trade-offs,66,67

genotype x environment interactions,68-70 or maternal effects,71 all of which greatly influence
host-parasite interactions. Given such a range of factors that influence the evolutionary success
of a genome, my suspicion is that the successful introduction of a malaria combating mosquito
stands as a formidable challenge. Even if this laudable goal is not achieved, the use of the tools
of evolutionary biology in pursuit of this goal still offers rewards because of the gain in funda-
mental understanding of invertebrate immune systems.
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Predicting the Spread of a Transgene
in African Malaria Vector Populations:
Current Knowledge and Limitations
Frédéric Simard* and Tovi Lehmann

Abstract

One strategy for the control of malaria and other vector-borne diseases relies on the
ambitious goal of depleting natural vector populations’ ability to transmit the
pathogen through the introduction and spread of an engineered genetic construct.

In this chapter, we assess whether the data accumulated so far on the population genetic
structure of Anopheles gambiae, the major human malaria vector in Africa and the one stud-
ied most extensively, can be used to predict the spread of such genetic construct within and
between wild populations. We conclude that available data offer good qualitative description
of An. gambiae population structure, but do not provide the necessary information on the
processes shaping this structure. We explore biological and methodological issues that pre-
vented derivation of quantitative descriptions of these processes, focusing on the estimation
of the effective population size and gene flow between populations. We discuss plans for
bridging the gap between our present knowledge and where we should be, and outline a
protocol for the direct estimation of relevant population genetics parameters and quantita-
tive assessment of their interaction through a field population perturbation study. Finally,
the epidemiological importance of other vector species in sustaining malaria transmission is
highlighted as an additional roadblock that needs to be considered as part of any compre-
hensive vector control strategy designed to substantially lower the burden of malaria that
overwhelms Africa.

Introduction
Novel approaches for the control of malaria transmission through genetic alteration of

their mosquito vectors have received considerable attention in the past decade.1,2 They rely
on the effective spread of transgene(s), i.e., gene(s) engineered to reduce vector competence
such as by conferring refractoriness against the parasite,3-5 within natural vector mosquito
populations. This suggests that the basis of the control, e.g., the transgene(s), will first be
introduced (artificially) into the natural vector population(s) and that it will subsequently be
transmitted to the offspring, to the extent that, within several generations, practically all
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individuals of the target species will express the refractory phenotype. Genetic drive mecha-
nisms that should speed-up the process or improve efficient heritability are being developed
and have received at least proof of principle.6-8 However, one fundamental assumption of
this strategy is that mating occurs between individuals that carry the transgene(s) and indi-
viduals that do not.9 In other words, the target vector population is assumed to be a single,
randomly mating unit, whereas assortative mating in wild mosquito populations has been
demonstrated and could affect the spread of a transgene.10-14 Successful spread of such
transgenes therefore depends on our ability to describe the basic reproductive units (demes,
see Box 1) that compose the vector system responsible for malaria transmission in Africa, to
understand their genetic and population dynamics, and determine the forces that shape it.
Lessons from past genetic control programs demonstrated that the population structure and
population dynamics of the target population(s) determine which, if any, genetic control
approaches would be appropriate for addressing a specific problem.15 A critical part of this is
obtaining a quantitative understanding of the spatial and temporal population structure of
the mosquito vector. Such data are needed as input parameters for constructing predictive
models for the prospects of different strategies to introduce genes into these populations.
This constitutes the rationale for most population genetics studies aiming at unravelling the
genetic structure of African malaria vectors.

In the following, we assess whether the available population genetics knowledge provides
a solid basis for predicting the spread of a gene within and among natural malaria vector
populations, with an emphasis on Anopheles gambiae, the most important vector throughout
Africa and the most likely target for genetic control. As such, members of the An. gambiae
complex have been extensively studied providing the most detailed information on their
population biology and genetic structure. A number of reviews have been published recently
on the knowledge gathered to date on this species complex (see for example refs. 9,16-22).
We do not attempt to duplicate this work. Rather, we assess whether these data can be used
to predict the spread of an introduced gene within and between natural An. gambiae popula-
tions. Finally, we discuss the expected impact of the transgenic approach over malaria
transmission in Africa.

Box 1. Glossary of terms

Allele: the state of a gene at a locus that differs from other such alleles by one or more mutations
(e.g., DNA sequence differences).

Deme: the local breeding unit of a species within which individuals mate at random and
genotype frequencies of neutral alleles are at Hardy-Weinberg equilibrium.

(Random genetic) drift: random change in allele (gene) frequencies that occurs over generations
as a result of the finite number of gametes from the parent generation that form the subsequent
generation.

Effective population size (Ne): a measure of genetic drift that can be approximated as the
number of parents that contribute gametes to the next generation within a deme, assuming
equal sex ratio and identical reproductive potential.

Gene flow (Nm): the spread of a gene or allele as a result of mating between individuals from
different populations.

Introgression: gene flow between species by hybridization and backcrossing.

Norm of reaction: the array of phenotypes that a single gene or allele can provide in a range of
genetic backgrounds and external environments.

Reciprocal monophyly: an outcome of the stochastic loss of ancestral polymorphism over time in
two populations or two species derived from a common ancestral source corresponding to the
presence of only unique alleles in each group (species).
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Predicting the Spread of a Gene within and among Natural
Vector Populations

Implementation of a novel public health control operation on a magnitude of a continent
demands the highest and most rigorous preparation.2,23 The introduction and spread of genes
into natural vector populations to interrupt disease transmission cannot be imagined without
the capacity to predict, with sufficient accuracy, the outcome of a release effort. Prediction of
changes in allele (gene) frequencies over time and space depends upon reasonable estimates of
key parameters of the processes that determine such changes. The relevant outcomes are (i)
the time until establishment of the introduced gene locally, within a single deme and (ii) the
time for the gene establishment in other demes via natural spread. Establishment is defined as
fixation (frequency = 1) or the frequency of stable equilibrium for the introduced gene. Such
predictions require knowledge of contemporary migration between demes, selection, and
drift as well as estimating the key parameters of these processes. Box 2 lists a minimal set of
parameters, estimates of which are required to predict future changes in allele frequencies.
Although not an exhaustive list, predictions based on fewer parameters may provide ques-
tionable results. Estimates of some of these parameters are found in the literature however,
they suffer from serious flaws.

The Selective Value of the Transgene
In the absence of a genetic drive mechanism, establishment and further spread of a gene

conferring refractoriness to malaria infection in wild mosquito population(s) will essen-
tially rely on its net selective value, i.e., the balance between the fitness cost of phenotypic
expression of the (introduced) gene and the overall benefit for the mosquito by escaping the
detrimental effect of parasite infection and possibly, protection from other pathogens as
well.24-26 Depending on the gene(s) involved, and their underlying expression dynamics,
maintenance costs might be fixed (if the gene is to be expressed constitutively) or condi-
tional (if the gene is expressed in certain conditions, e.g., in response to parasite infection in
which case, the evolutionary cost of refractoriness is obviously sex specific, because only
female anopheles are exposed to malaria parasites, and a function of the probability that the
mosquito becomes infected). Furthermore, it is likely that environmental factors and the
genetic background of differentially adapted vector populations will modulate the balance
of evolutionary cost and benefit of refractoriness. The norm of reaction of any gene to be
introduced in the genome of a vector species therefore needs to be assessed across the range
of genetic variability the target species possesses and the diverse environments it experi-
ences to assure that the phenotype (i.e., refractoriness) is predictable.23,27,28 This is a formi-
dable challenge because relevant parameters of neither the natural environment (tempera-
ture, humidity, diet, crowding…) nor the relevant genetic variability (nucleotide
polymorphism, genome structure, chromosomal inversions, cytological position…) are clearly
defined. Although insights can be gained from cage experiments, whether these are con-
ducted in a laboratory or in semi-field conditions will reflect at best only a parcel of the
outcomes expected in a species like An. gambiae in nature. In this respect, the analysis of the
spread of the Kdr mutation conferring insecticide resistance is very appealing because it
represents the spread of a new gene under selection in natural settings. This single-nucleotide
mutation was originally described from West African An. gambiae populations29 that are
known to be genetically and ecologically differentiated subpopulations.9,16,19 Despite an
apparently obvious fitness benefit in areas of intensive insecticide use, the Kdr allele was
found only in populations of the S molecular form of An. gambiae and not in sympatric
populations of the M form.30,31 It was subsequently found in the M form after an apparent
introgression event from the S form,32 and is now spreading in this form as well (Etang J,
Fondjo E, Simard F, unpublished).33,34 In the sibling species, An. arabiensis, the Kdr muta-
tion apparently emerged as an independent mutation.35 The actual geographic distribution
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of the Kdr mutation in the An. gambiae complex suggests fluctuating balance between evo-
lutionary costs and benefits that might favor its spread under certain ecological conditions
only.32-34 It is likely that similar limitations applies to any mutation or gene with a strong
phenotypic effect.

However, in the case of genetically engineered mosquitoes, an efficient drive system should
promote the spread of refractoriness allele(s), even in the face of unfavorable balance of
evolutionary costs of refractoriness.24,25 Concerns about the stability of the genetic con-
struct will need to be addressed separately,23,36,37 and the efficacy of the drive mechanism in
promoting the spread of the transgene will need to be demonstrated under a variety of
natural conditions.38 Indeed, although robust inferences were generated from theoretical
work,6,24,25 experimental evidence for efficient drive mechanisms in mosquitoes has yet to
be provided.37-40 Furthermore, as outlined above, the genetic structure of natural vector
populations will mediate the spread of genes in space and time.

Box 2. Predicting the spread of a gene in natural malaria vector populations:
what do we need to know?

Changes in allele frequency over time and space depend on properties of the allele, the subpopulation,
the rates of gene exchange between subpopulations, and the interactions between these properties.
Within a breeding unit (deme), the future change in allele frequency depends on its selective value
(i.e., its fitness), its initial frequency at introduction, and the deme’s effective population size (Ne).
Furthermore, planning effective introduction of a gene into the local breeding unit requires having
reasonable estimates of the geographical area it encompasses, and of the adult population size. Since
the seasonal dynamics of these vector populations generally involves dramatic changes, it will be
needed to know the seasonal and spatial dynamics in these parameters. The large differences in the
population structure of An. gambiae in West and East Africa, and the remarkable environmental
heterogeneity across the species range, requires consideration of the difference in these parameters
between regions and environments.
Gene and drive system parameters to be known include:

i.The net selective value of the introduced gene (including its genetic drive system) for uninfected
and infected mosquitoes is the main predictor of the systematic change of its frequency over
generations,

ii.The norm of reaction of any candidate gene conferring refractoriness needs to be assessed,
iii.The stability of the transgene construct with respect to recombination and mutations rendering

it ineffective needs to be addressed.
Vector populations’ parameters:

i.The effective population size (Ne) of the basic reproductive units (demes) is required to calculate
the lowest net selective value the gene should have to overcome probability of loss due to the
stochastic variance over generations in allele frequencies (i.e., random genetic drift),

ii.The corresponding size of the adult population (estimated count) is needed to calculate the allele
frequency at introduction,

iii.The geographical area occupied by a deme is required to calculate the number of such units per
region.

Gene flow between populations:
i.Contemporary rates of gene flow between demes separated by distance or other barriers to gene

flow will be required to calculate the rate of spread of the gene over space,
ii.Knowledge of the geographic and biological (pre and post-mating) barriers that prevent or hinder

populations’ admixture is needed to assess their strength and stability in time,
iii. If gene flow involves “rare events” such as extinction-colonization or accidental migration, the

frequency of these events needs to be assessed and their underlying (ecological) causes need to
be identified.
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Limitations in the Knowledge of the Population Structure of African
Malaria Vectors

Estimating Effective Population Size
The effective population size (Ne) reflects the degree to which a population is affected by

random genetic drift.41 Genetic drift affects the stability of allele frequencies in populations
over generations, such that large fluctuations in allele frequencies are expected in small popula-
tions, whereas small changes would occur in large populations.42,43 Hence, genetic drift influ-
ences the magnitude of genetic diversity within a population and the rate of differentiation
between populations. Ne depends on demographic factors such as population density, dis-
persal, and the mating system. When population size varies among generations, Ne approxi-
mates the harmonic mean of the effective population sizes in each single generation, and hence
is dominated by the smallest value.44,45 Episodes of small Ne (i.e., demographic and genetic
bottlenecks) can be of great evolutionary significance because increased genetic drift during
these periods can dramatically change allele frequencies and the distribution of the overall
genetic variability within and between populations. In particular, a transient drop in Ne can
favour the rise in frequency of alleles that otherwise would have been selected against due to
fitness cost.

Several methods are available to estimate Ne from demographic or genetic data. They vary
in the types of information they use, their sensitivity to various assumptions, and most impor-
tantly, they refer to somewhat different definitions of Ne.46-50 The most widely used genetic
estimator derives Ne from the variance in allele frequencies between generations.42,44,51 The
method has been used to estimate the effective population size of An. gambiae and An. arabiensis
in a number of settings and using various genetic markers.43,48,51-54 Reported estimates of Ne
were in the thousands for both species (but see ref. 53 for a geographically isolated An. arabiensis
population) and significant differences in Ne were demonstrated between populations of An.
gambiae.51 Overlooking such differences in Ne between populations leads to erroneous esti-
mates of genetic differentiation, gene flow and divergence time.55,56 However, further interpre-
tation of the results in a quantitative way had to be tentative, because the method relies on
assumptions that do not hold true in populations of An. gambiae. These assumptions include
random mating and equal reproductive potential across individuals, nonoverlapping genera-
tions, equal sex-ratio, and negligible selection, migration and mutation. Evidences showing
that several of these assumptions are violated in natural vector populations have accumulated.
Such violations can lead to severely biased Ne estimates. Further, Ne estimates derived through
such moment-based estimators are biased upward.49 Often, confidence intervals around the
estimated values of Ne were so wide that the estimate’s biological significance was lost. Hence,
although valuable to compare populations to one another, the available estimates of Ne are not
suitable for use in predictive models of the spread of alleles within and between populations.

New methods are being developed to improve estimation of Ne, which appear robust over a
wide range of realistic conditions due to relaxed assumptions.49 However, predicting the spread
of an introduced gene in natural An. gambiae populations will require a detailed picture of the
fluctuations, both in time and space, of the effective population size of target populations.
Precise assessment of the number of reproductively active adults in a population is needed to
plan the release effort, as well as the identification of the time and place where the natural
population is most amenable to the genetic introgression of a new gene or allele. The geo-
graphical area associated with a deme and how this area varies in different environments may
also be valuable for optimizing the release effort.

The above discussion assumes the existence of discrete demes as the building blocks of An.
gambiae gene pool. However, some evidence suggests that the gene pool of An. gambiae in
Africa is divided into few large subdivisions, within which isolation by distance applies.57-59

Under this model instead of discrete breeding units, there is a continuum where geographically
closer populations are genetically more similar and reproductive adults disperse to all
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directions randomly with no barriers, except for their dispersal capacity and the limits of the
subdivision or the species range.60-63 If the isolation by distance model accurately reflects the
genetic structure of An. gambiae, then the values of Ne obtained so far do not refer to actual
demes and are not useful. High rate of migration between populations acts as a buffer against
genetic drift and results in estimate of Ne that increases as the period between the samples
taken to estimate the variance in allele frequencies is longer, in sharp contrast to expectations if
the estimate applies to a single deme (Fig. 1).64 Such results were obtained for an An. gambiae
population from western Kenya (Lehmann et al unpublished) and for An. arabiensis in
Cameroon.54 More studies are needed to determine if isolation by distance better describes the
organization of the gene pool of An. gambiae and other malaria vectors in Africa before
interpretation of the Ne estimates can be made.

Estimating the Level of Gene Flow between Populations
The principal malaria vectors in Africa (and typically elsewhere) are members of sibling (or

cryptic) species complexes.65 Morphologically, the members of a complex are indistinguish-
able, reflecting that these species have diverged very recently. Some authors argued that specia-
tion within the An. gambiae species complex, and most importantly lineage splitting between
An. arabiensis and An. gambiae, occurred less than 4,000 years ago, as a byproduct of the
development of agriculture in formerly unfavorable central African rainforest areas.16,17,66 As
such, these species may retain substantial amounts of shared ancestral polymorphism because
insufficient time has elapsed for reciprocal monophyly to establish.67 Post-mating reproductive
barriers between members of the An. gambiae complex are incomplete, because only male
hybrids are sterile but females are fertile, allowing some genetic exchange. Compelling
evidence that such process occurred between An. arabiensis and An. gambiae in, at least parts of
their genomes, has been provided in experimental as well as natural settings.68,69 As a result,

Figure 1. The effect of migration on the estimate of Ne obtained from temporal changes in allelic frequencies
using the moment estimator.42 The total population (Netotal = 1100; 1/2Netotal = 0.0045) is fragmented in
11 subpopulations of equal effective population size (Nesubpopulation = 100; 1/2Nesubpopulation = 0.05), ex-
changing migrants in an island model at a rate m = 0.2. As can be seen, when sampling interval is small (i.e.,
<16 generations in this example), Ne estimates are close to the true value. However, as time between samples
taken for the temporal analysis increases, estimates of Ne approach the true value for the whole species. Note
that both axes are in log scale. Adapted from Wang J, Whitlock MC; Estimating population size and
migration rates from genetic samples over space and time; Genetics 2003; 163:429-446; with permission
from the Genetics Society of America.64
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discriminating between retention of ancestral polymorphism and genetic introgression proved
problematic. Such discrimination has important evolutionary significance and implications for
estimating the spread of a gene between vector species.

Retention of ancestral polymorphism also hindered interpretation of the description of the
population structure of the major malaria vectors. Traditional population genetics inference is
based on the analysis of variance in allele frequencies of putatively neutral markers. It relies
upon a number of simplifying assumptions such as mutation-migration-drift equilibrium.70

Molecular signatures of recent demographic expansion have been detected in both An. arabiensis
and An. gambiae and evidence suggests that neither of these species have reached equilibrium.57,71

Population expansion greatly reduces the rate of lineage sorting, resulting in inflated estimates
of gene flow (Nm)72 by “historical” gene flow. Thus, high rate of gene flow do not necessarily
reflects contemporary gene exchange between populations.73 Analysis of the population
structure of vector species requires techniques that do not assume equilibrium and allow to
distinguish between different models of gene flow and evolutionary scenarios explaining a
given genetic structure (see ref. 74 and refs. therein).74

Population differentiation depends on the type of genetic markers used and the position of
loci in the genome. DNA markers can exhibit dramatic variations in level of polymorphism
due to locus-specific differences in the rate of mutation and to physical location in or near
chromosomal inversions or loci under selection (a process that is known as ‘genetic
hitchhiking’).75 Hence, results obtained from the same species using different types of markers
or different sets of loci will not necessarily agree21,76,77 and summary statistics representing
genome-wide trends must exclude outlier/deviant loci.59 Distinguishing locus-specific from
genome-wide effects is a prerequisite for a correct description of population structure. Further-
more, estimates of genetic differentiation between populations depend on the analytic method
used and the (evolutionary and demographic) model assumed.77 As no consensus has yet been
reached, comparison across studies remains problematic.

With these limitations, it is not surprising that the low level of genetic divergence typically
observed between natural populations of An. gambiae led to largely inconclusive results as far as
contemporary gene flow is concerned.19,59,78 Similar finding seems to emerge from recent analyses
conducted in the other major human malaria vector, An. funestus.79-81 However, few consistent
trends have emerged providing a good qualitative description of the patterns of gene flow
between An. gambiae populations. In the face of shallow geographical population structure
between neighboring populations, recent studies revealed strong, if incomplete, barriers to
gene flow between the molecular forms M and S of An. gambiae.18-20,59,82 Because both forms
have extensively overlapping geographical and temporal distributions and are widespread
throughout the continent,20 such findings suggest that genes might spread over large geo-
graphical areas, within one molecular form, before potentially invading the other form.14 This
is reminiscent of the Kdr gene situation described above. However, the degree of differentiation
between molecular forms appears very low over most of the genome, but is remarkably high in
few small genomic regions not only because of paracentric inversions.59,77,83,84 Such semiper-
meable barriers to gene flow in a mosaic genome prompts further studies to identify regions of
the genomes with different abilities to introgress between molecular forms and species within
the An. gambiae complex.

Proposed Plan for Bridging the Gap
Population genetics studies produced robust description of the population structure, but

they failed to quantify the processes that have shaped this structure. As stated by Gould and
Schliekelman15 “Researchers working with classical genetic manipulations learned over and
over again that there is no substitute for examining behavior of a genetically manipulated strain
under local field conditions. This will not change in the future”. We echo their view and
advocate that, the ultimate approach to estimate contemporary gene flow and derive robust
estimates of all key parameters is by tracking new multiple mutations (genetic markers) that are
experimentally introduced into natural populations by small scale release experiments.
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Tracking new genetic markers and the lineages harboring them will provide a clear, com-
plete, and nearly “assumption free” information to address the spread of a new gene over time
and space in natural settings. Among population genetics approaches, direct tracking of genes
under natural conditions has unparallel power to resolve alternative hypotheses, but its techni-
cal demands throughout its development and application as well as its ethical implications
cannot be justified in every case. Here we outline the basic components, prominent advan-
tages, and main challenges of this approach because, in our view, natural vector populations
perturbation studies are indispensable for the development of every genetic control strategy,
and will have to be implemented prior to the introduction of a functional gene(s) to alter the
vectorial capacity phenotype of the vector.

The development phase of the experimental release of new makers (thereafter, ERNM)
involves (a) colonization of mosquitoes from the region where experimental release is planned,
(b) inducing multiple mutations spread throughout the genome by low intensity irradiation or
chemical mutagenesis (or by inserting stable genetic tags using molecular methods) across the
genome of a number of specimens, (c) derive a few iso-female lines from specimens carrying
induced mutations by inbreeding over ca. twenty generations (desirable range) to produce
practically homozygous lines and insure removal of most severely deleterious mutations, (d)
after the lines have been inbred for several generations (i.e., successful breeding for over ca. 7
generations in outbred organisms would ensure overcoming the inbreeding depression that
causes small colonies to crash), a few dozens of the newly induced mutations are identified and
(e) molecular assays are developed for genotyping of field collected specimens. Efficient ge-
nome scanning tools (e.g., DNA chips) will allow identifying and later monitoring dozens or
even hundreds of these genetic markers, thus maximizing the number of “loci” and minimizing
the number of mosquitoes to be released and analyzed. The derived lines are ready for experi-
mental release in the region where they originated. The release may require only few hundreds
of mosquitoes per line, so no mass production is required. The application phase involves (a)
identifying three release sites ca. 60-100 km apart and coordinating the release with all the
relevant parties, (b) removing the same (or larger) number of females to be released prior to the
release date and releasing the set numbers from one to three lines in each release site, (c) large
samples of adults will be taken periodically from every release site for genotyping to determine
the markers frequencies, (d) adult sampling of nearby populations will follow findings showing
that some of the new markers have reached set frequencies at the release sites. Monitoring will
involve genotyping of mosquitoes collected by a flexible sampling scheme that increases in the
area surrounding the release site based on the data from previous dates.

ERNM can provide direct information on contemporary gene flow of alleles with various
selective values (expected to vary between neutral and mildly deleterious) across geographic
distance and various putative barriers to gene flow such as that separating the molecular
forms of An. gambiae. A central element in ERNM is the replication in three independent
sites in the same region, that together with the change over generations, facilitates separating
systematic change in allele frequency due to selection from stochastic change due to drift,
hence, providing means to estimate the selective value of each marker (assuming similar
marker’s selective values and drift in the three sites). Thus, the effects of chromosomal loca-
tion and the selective value of the marker on gene flow will be estimated. The data can also
provide accurate estimates of the effective population size and the deme’s geographical area,
without being confounded by migration. The variation between populations in these param-
eters will be obtained. The experimental release will provide comprehensive and direct infor-
mation on all key parameters required for prediction of the outcomes of different genetic
control strategies. Apart from providing additional population genetics (e.g., recombination
rates under natural conditions in relation to the chromosomal position and inversions) and
ecological (e.g., dispersal, longevity) parameters, it will provide practical information on the
behavior and viability of the released mosquitoes and the effectiveness of various release
strategies. Finally, release experiments in West, Central, and East Africa will facilitate com-
parison of results from different geographical and ecological regions.
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The value of the experimental release for genetic control programs cannot be overestimated
despite its logistical demands (e.g., above), but it also involves ethical challenges that must be
addressed. The most important is the possible increased risk of disease transmission and per-
sonal irritation due to (1) a larger number of mosquitoes in the released area, and (2) a higher
threat associated with mutagenized mosquitoes. Unlike typical genetic control programs, the
experimental release aims at a partial and temporary introduction of a fraction of the markers
(mutations) into populations. Thus, a single release of up to several thousand mosquitoes is
required. The overall number of females in the area will not increase since the number released
will be matched by the same or larger number of females removed (prior to the release).
Further, cumulative sampling for monitoring the change in markers frequencies definitely will
reduce the number of vectors in the area. Unlike introducing a new functional gene with
expected phenotypic effects, ERNM uses randomly “sprinkled” mutations induced by irradia-
tion or chemical mutagenesis, or by inserting a stable marker into multiple sites throughout the
genome. Such mutations are expected to consist primarily of deleterious, slightly deleterious,
and neutral mutations and therefore present a safe material for release. Notably, released
mosquitoes originated from an area within 100 km of the release site, thus the risk of
introduction of adaptive genes into the release area is negligible.

Clearly, the possibility of introducing a beneficial mutation (for the mosquito) can not be
ruled out, but we stress that it is a very remote possibility and making the mosquito a more
dangerous disease vector is even more unlikely. However, this point needs to be further evalu-
ated and weighed against the risk of every intervention. In the case of developing a genetic
control strategy using a functional gene attached to a genetic drive mechanism, the benefit of
ERNM appears to outweigh its risks. Finally there is the possibility to release males that carry
new markers on the Y chromosome only, thereby “disconnecting” the marker from the female
phenotype. While informative in its unique way, it will not address many of the issues ad-
dressed using markers spread throughout the genome. Nevertheless it can be a starting point.
Although developed to meet the needs of a genetic control program, ERNM can revolutionize
population genetic research, especially if it provides different results from those derived based
on classical population genetics approach.

Overall Impact on Malaria Transmission Intensity and Disease Burden
The successful introduction of a transgene into An. gambiae across Africa does not imply

removal of malaria from the top of public health priorities in the continent. In fact, the
expected impact of a successful spread of a transgene on malaria transmission is not clear.
Epidemiological models dating back to the classical model of Macdonald-Ross85 have shown
that considerable reduction in human exposure to infective mosquito bites is needed to achieve
substantial impact on malaria morbidity and mortality in most parts of tropical Africa.86,87

With this in mind and using a simple population genetical and epidemiological model, Boëte
and Koella24,25 demonstrated that even in conditions that allow the allele conferring refractori-
ness to reach fixation in the local vector population, the efficacy of refractoriness should be
almost 100% (i.e., assuming no parasite escape from the refractory phenotype of its vector) for
a significant effect on malaria prevalence.

Unlike classical means for vector control such as insecticide impregnated bednets or
intra-domiciliary spraying that are directed to reduce exposure of people to infective bites by
targeting anthropophilic and endophilic mosquitoes regardless of species, transgenesis-based
methods target a single species. Hence, even if natural populations of An. gambiae became
completely refractory to Plasmodium parasites Africa-wide (including all its chromosomal
and molecular forms, and even extending this to the sibling An. arabiensis as well), other
anophelines species will maintain transmission of malaria in large areas.65,88 The importance
of these ‘neglected’ vector species in contributing to the overall malaria transmission must be
considered when the question of the benefits expected from the release of transgenic
mosquitoes is discussed.
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In addition to the members of the An. gambiae complex, at least three species are considered
as vectors of epidemiological importance in Africa: An. funestus, An. nili and An. moucheti. In
certain areas, these vector species may contribute more to disease transmission than the
members of the An. gambiae species complex.89-94 This is particularly the case in the humid
savannas and forests of Central Africa, which remain largely unexplored.95-97 One example of
this situation that demonstrates how little we know on malaria vectors in Central Africa is the
recent description, based on morphological and molecular evidences, of a new species, member
of the An. nili group.98 This newly described species appears to be the major malaria vector
along rivers in South Cameroon. In such highly malaria endemic areas, eliminating malaria
transmission by An. gambiae would change little the epidemiology of the disease and may even
trigger unexpected worsening effects through insufficient decrease in transmission intensity.99,100

Only if the transgenic approach proved successful in An. gambiae and is extended to the other
vectors, then this strategy could realize its outmost impact on disease prevalence.

Finally, we point out that unlike conventional means of control such as insecticides, drugs
or vaccines, we can do nothing to halt the spread of an undesirable effect brought about by the
transgene spread in the vector populations. Designing a “recall mechanism”, allowing halting
the spread and possibly reversing it, would greatly improve the prospects and acceptability of
the genetic control strategy.

Altogether, this discussion highlights serious limitations of our current ability to apply the
genetic control strategy for malaria control in Africa. Current knowledge of vector populations
and the epidemiology of malaria in Africa has lagged behind and its limitations call for caution
when assessing the expected outcomes of a release of genetically altered vectors into the wild.
However, the impressive progress in our understanding of the genetics and molecular biology
of Plasmodium falciparum, its vectors and their interactions suggests that addressing these
limitations is not beyond our reach.
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Advantages and Limitations of Transgenic
Vector Control:
Sterile Males versus Gene Drivers
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Abstract

Transgenesis might be used to produce fitter and more acceptable sterile males than
those hitherto produced with radiation or chemosterilants. It is possible to engineer a
dominant lethal construct which can be conditionally switched off so that males carry-

ing it can be reared for release. Sterile males can eradicate pest populations provided that one
can exclude immigrant, monogamous females that have already made a fertile mating outside
the release area. “Urban island” populations of vectors may meet the required conditions for
successful eradication. The genetic engineering of strains which are not susceptible to Plasmo-
dium spp. development is also likely to be possible. For such ‘refractory genes’ to be useful it
will be necessary to drive them to fixation so that they completely replace wild vector popula-
tions. A system for driving refractory genes through populations should require smaller releases
to initiate the population replacement process than does the Sterile Male Technique (SIT), and
the driving system should be “resistant” to the effects of immigration. Among the driving
systems which have been suggested are: (i) negatively heterotic systems; (ii) uni-directional
cytoplasmic incompatibility due to the bacterial endosymbiont Wolbachia; and (iii) transposons.
An assumption underlying the driving of genes into populations is that the driver and the gene
to be driven will remain genetically linked. In fact, some degree of recombination is inevitable
and, if the driver without the refractory gene is fitter than the driver linked to this gene, the end
result could be fixation of the driver alone, and loss of the refractory gene from the population
with no reduction in disease transmission. We modelled the above three types of driving system
with incomplete linkage to the refractory gene and with a fitness cost associated with that gene.
We conclude that the systems will only confer permanent refractory protection if there is per-
fect linkage between the driver and refractory genes. There may be some public health benefits
associated with a reduction in disease transmission as the refractory gene initially spreads through
the vector population. However, within a time horizon of about 10 years, under a range of
assumptions of fitness costs and recombination rates, our simulations show that any short-term
gains associated with an increased frequency of the desired refractory genotypes are lost as the
driving mechanism, freed from the costs associated with the transgene, drives itself to fixation
and the refractory trait is lost from the population.
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Introduction
Proposed methods of genetic control of mosquito vector populations may aim either to:

a. suppress or eliminate the populations by large and repeated releases of males carrying domi-
nant lethals which kill the progeny of matings to wild females (the Sterile Insect Technique,
SIT); or:

b. render the population genetically harmless by release of limited numbers of mosquitoes
carrying factors which prevent transmission of human pathogens by the females. This con-
struct would be linked to a “genetic driving system” which would raise these desirable fac-
tors up to a frequency sufficiently high as to reduce R0 below 1, and to counterbalance the
effect of immigration of mosquitoes carrying the wild type genes which allow the patho-
gens to be transmitted.

Transgenic techniques should lead to (a) more effective and acceptable sterile males than
those produced hitherto with radiation or chemosterilants, and (b) to dominant, monogenic
factors which block pathogen development and could more feasibly be genetically linked to
driving systems than the multigenic pathogen transmission blocking factors which have hith-
erto been selected from wild populations e.g., ref. 1.

Transgenic Sterile Males Based on Conditionally Repressible
Dominant Lethality

Engineering Sterility
Sterility, as required for Sterile Insect Programs, has a very specific meaning. The sterile male

must be able to compete to deliver sperm to wild females. The sperm and associated ejaculate
must be fully functional, able to perform the whole range of activities that the spermatophore
of nonsterile males perform, which might include: suppression off female sexual receptivity;
competition with the sperm of other males for access to eggs; and, critically, fertilisation of the
egg. Only after fertilisation should the ‘sterility’ of sterile males become apparent, as mutations
carried by the sperm disrupt development before adulthood. Various means of introducing
such dominant lethal mutations to the haploid sperm genome have been explored.

Gamma irradiation of pupae of screw worm flies has been highly successful in producing
adult males which could compete adequately for wild mates, leading to the eradication of this
very serious cattle pest all the way from Texas to Panama.2 In mosquitoes, however, irradiation
of pupae harms the competitiveness of the emerging adults.3 Delaying irradiation until adult-
hood produces males which, at least in laboratory cages, could compete for mates.4 However,
putting millions of adult males through the irradiation process without damaging them would
be technically and logistically challenging.

Chemosterilisation of pupae led to Culex,5 Aedes6 and Anopheles7 males which could com-
pete well for mates in the field. However, the alkylating agents used for chemosterilisation are,
unsurprisingly given their mode of action, mutagenic. Though detectable residues in emerging
adults are short lived8 it has been claimed that they could still be biologically active.9 Thus
production of sterile males without the need to use such chemicals would seem to be more
acceptable to regulatory authorities and the public.

Thomas et al10 proposed the engineering of transgenic constructs which caused dominant
lethality, but which could be de-activated by rearing the larvae in tetracycline. Such a construct
has now been produced in Aedes aegypti.11 It was found that when the males were mated to
wild type females, the progeny survived in water without tetracycline until late in larval life,
but at that time mortality was nearly 100%. Thus, after a release of the males, their progeny
larvae would provide competition for the progeny larvae of wild type males. This contrasts
with releases of conventional sterile males whose progeny die as early embryos, thus presum-
ably reducing the density-dependent mortality of the progeny of the wild males and producing
a “rebound” against the control effort. It is intended in the near future to test in cages the
mating competitiveness of the transgenic strain with conditional dominant lethality.
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An extra feature which can probably be added to this type of transgenic male is to make the
lethality female specific. In that case one would remove the tetracycline from the larvae in-
tended to produce batches for release, thus ensuring the elimination of biting females. Sexing
systems already exist, based on sieving out the larger female pupae from the smaller males in
culicines12 or on translocation of an insecticide resistance gene on to the Y chromosome so that
the relevant insecticide selectively kills female anophelines.13 In production on the scale of
hundreds of thousands or millions these systems have proved remarkably effective in Culex,14

Aedes15 and Anopheles.16 These sexing systems were not perfect but, combining them with the
above described female limited transgenic system, should allow an assurance that mass releases
would not add biting females, even temporarily, to the wild population. In addition, such
female limited lethality would allow survival of the heterozygous male progeny of released
males and, in the next generation, half of their daughters would die, thus propagating some of
the sterilising effect of a release for a few generations.

Contrary to a widespread belief, female monogamy (monandry) is not a requirement for
the success of sterile insect technique, provided that sperm carrying dominant lethals are
competitive with normal sperm. In fact, however, females of most Dipteran species show a
strong tendency towards monandry and, for this reason, nonisolation of target populations of
sterile male releases can prevent the achievement of high levels of egg sterility because immi-
grant females already mated to fertile males refuse remating after arrival in the area where
large numbers of sterile males have been released (e.g., ref. 14). In the case of the Screw Worm
Fly it was possible to create a “rolling front” of massive aerial releases so that most immigrants
to areas just behind the “front” had themselves mated to sterile males. It is hard to believe that
resources would ever be available to rear enough Anopheles gambiae to attack the vast problem
of rural African malaria vectors on this basis. However, we see an important role for the sterile
insect technique, especially now that the conditional dominant lethal constructs are becom-
ing available, against relatively isolated but vectorially important mosquito populations. We
think especially of urban mosquito populations carrying disease to large and ever-growing
urban human populations, where the mosquito species in the urban area does not exist in the
surrounding rural area, i.e., is an “urban island”. Examples may exist in south India where An.
stephensi stephensi is an important urban vector but hardly exists in rural areas17 and an equivalent
situation with An. arabiensis in southern Nigerian cities where the nearby rural vector popula-
tions are wholly An. gambiae.18,19 Ae. aegypti populations in some urbanised areas in Asia and
Latin America may be equivalent “urban islands” which could be eradicated without rapid
reinfestation being likely.

Fitness Consequences of Engineered Sterility
The effectives of the sterile insect approach to suppressing the mosquito population will

depend on the ability of the sterile males to compete with their wild counterparts for matings
with wild females. As discussed above, the mating competitiveness, or fitness (although strictly
speaking, sterile males have zero fitness even if they are highly competitive) may be compro-
mised by the method of sterilization. Gamma radiation has significant deleterious effects in
mosquitoes, and transgenic approaches offer the possibility of reducing (although not totally
avoiding) these negative impacts on mating competitiveness. Mosquito transformation is me-
diated through the use of transposable elements (see section below) to integrate the engineered
genetic construct that achieves sterility (or refractoriness to disease) into the mosquito genome.
The potential fitness impact of transposon-mediated transgenesis can be divided into two com-
ponents: (i) the physiological / toxicological burden of the construct itself; and (ii) the inser-
tional mutagenesis effect of the transposition event.

The former will obviously be idiosyncratic to the particular construct and may indeed be
intentionally high, as for sterile insect technologies such as RIDL.10 Good design will clearly
optimise the degree and schedule of physiological and toxicological effects of expression off the
construct, and are not dealt with further in this section.
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The fitness effects of insertional mutagenesis on the other hand, will vary not with the
construct design, but by insertion site, and there is good evidence to suggest that they can be
minimised or avoided at reasonable effort by creating sufficient different strains and then
selecting the fittest.

Transposons tend to insert into transcriptionally active areas of the genome, where the
chromosomal DNA is necessarily more accessible, and this raises the possibility that the
insertion may have an effect through disruption of native gene function. At an extreme, the
effects may be lethal. However, most insertions will have a much smaller effect on fitness,
presumably because they disrupt nonessential genes, or because they insert nearby but not
into the gene. Producing a healthy transgenic line therefore becomes a numbers game: how
many independent insertional lines do we need to make before we get at least one that has
suitable fitness?

Work done to study the effect of insertional mutagenesis in Drosophila gives us some
insight into this question. In the best study of its kind to date, Lyman et al20 measured the
fitness costs of 706 independent single P-element insertion lines of Drosophila melanogaster.
They used an isogenic base stock in which to generate the insertional lines (Sam ry506), and
the P-element transposon was marked with ry+, which resulted in a detectable eye colour
change to allow the P-element insertion to be tracked.

Each independent insertional line was grown up as heterozygotes or homozygotes in the
presence of (i.e., in competition with) the wild type, and viability scored as the ratio of
wild-type to transformed adults emerging. This measure is highly relevant to questions of
productivity in culture for transgenic insects, but as a broad empirical summation of ‘fit-
ness’, it seems likely to be a proxy for adult measures of fitness also, such as longevity and
mating success.

To complicate matters somewhat, Lyman et al found that the ry+ marker appears to im-
prove the viability of Drosophila (on average, the heterozygous lines were fitter than the
wild-type). This means that the absolute effect of the transposon alone on viability cannot be
measured relative to the wild-type control. However, if we argue that the insertional effects
are largely recessive, then the viability of heterozygotes should approximate to the wild-type,
and therefore heterozygote viability can be used as a proxy for the wild-type control.

The variance in fitness impact between heterozygotes and homozygotes certainly sup-
ports the argument that insertional effects are largely recessive: if not, then the variance
would be expected to be similar for both homo- and heterozygotes; in fact it is an order of
magnitude smaller (Fig. 1), and comparable with the wild-type. Another way of looking at
this is to argue that, were the effects dominant, or at least codominant, then one should
expect a correlation between the magnitude of the viability effect between heterozygotes and
homozygotes of the same line. Again, no such relationship exists in the data, supporting the
hypothesis that insertional effects are essentially recessive in character (estimate of the slope
for chromosome 2 = 0.002 ± 0.02, p = 0.9; chromosome 3 = -0.01 ± 0.02, p = 0.5).

We can therefore tentatively proceed to estimate the insertional mutagenic effects of
P-element insertions using the heterozygote viability as the control for the corresponding
homozygote. This can be expressed as the percentage change in homozygote viability with
respect to the heterozygotes (Fig. 2).

The distribution is clearly skewed towards zero reduction in viability, and extremely con-
sistent between insertions on Chromosomes 2 and 3. The skewed distribution suggests two
things. Firstly, that the frequency distribution appears to be bounded by zero; this makes
biological sense—it is very easy to imagine how an alteration in native gene expression might
be deleterious, but very difficult to imagine how it might be beneficial to broad measures of
fitness such as competitiveness in culture. Secondly, the distribution suggests that if the
production of ‘healthy’ transgenics is a numbers game, then the odds are stacked in our
favour. Excluding those lines which are effectively homozygous lethal and which, in the
normal course of mosquito transgenesis, would probably not be picked up in the screening
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in the first place, the median reduction in viability is just 15%. One third of independent
homozygous transgenic lines isolated may have a fitness reduction of less than 10%, which is
a fraction of the fitness costs estimated for the very small number of lines of transgenic
mosquitoes currently studied.21-24

Another relevant piece of research was reported for transposon-mediated mutagenesis of
the bacterium Escherichia coli.25 A total of 226 mutants were independently derived from the
‘wild-type’ progenitor clone, and the fitness established in competition with the wild type in
culture. Again, the distribution is highly skewed in favour of producing healthy transgenics,
and apparently bounded by zero (Fig. 3). The study found no significant increase in fitness in
any of the clones, but only a median reduction in fitness of 1%. While bacteria are clearly
taxonomically distant from insects, the study has the merit that measures of fitness come from
huge populations of bacteria (billions of individuals) and are therefore statistically much more
powerful than the Drosophila study above. As a minimum, we can say that this study gives us
some confidence that the median fitness reduction of 15% for the Drosophila study is not
overly optimistic.

The effects of reduced mating competitiveness of engineered sterile males on the success of
an SIT programme may be examined using simple mathematical modelling. Rogers and
Randolph26 provide a model of SIT against a pest population regulated by density dependent
processes. In Figure 4, we adapt this model by assuming the release sterile males are less com-
petitive than the wild type competitors. For a given released ratio (that is sterile males released
per wild type male) increasing levels of impaired mating competitiveness result in decreasing
effectiveness of the SIT programme. Transgenic approaches to population suppression offer the
near-term prospect of highly competitive sterile male mosquitoes for use in effective SIT
programmes.

Figure 1. Reduction in viability of heterozygotes versus homozygotes of independent insertional lines,
illustrating the order-of-magnitude difference in variance between homozygotes (20.4 x 10-3) and heterozy-
gotes (2.37 x 10-3). Data from Lyman et al.20
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Figure 2. Frequency distribution of the percentage change in viability from heterozygotes to homozygote
in 706 independent single P-element insertion lines of Drosophila melanogaster (365 on Chromosome 2; 341
on Chromosome 3). Data from Lyman et al.20

Figure 3. Frequency distribution of fitness effects of 266 Tn10 transposon-mediated mutagenesis on Escheri-
chia coli. Data from Elena et al.25
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Driving Constructs for Inability to Transmit Disease
into Vector Populations

The Need for a Driving System
The best known class of genes that reduce the ability of a vector to transmit disease are those

that block development of the pathogen in the mosquito (“refractoriness”); other possibilities
exist, such as genes which cause mosquitoes to bite animals rather than humans,27 but for
simplicity we refer to all such genes as ‘refractory genes’ hereafter. Theoretically, refractory
genes could be introduced into wild populations by mass release, but there would be little
point in doing so because a mass rearing plant would be more effectively employed rearing
males for sterilisation; with these, an initial successful impact would lead to more and more
favourable ratios of released to wild males. This is not the case where only the genetic nature,
but not the numbers in the wild population, is being changed as a result of the releases. Fur-
thermore, following mass release of mosquitoes carrying genes for refractoriness, there would
be approximately the same vulnerability to reversal of the results by immigration of wild type
mosquitoes, which has already been emphasised as a problem with the use of sterile males.
Thus, linkage of a gene for refractoriness to a gene driving system should be the aim so that the
desirable gene will spread from a limited “population seeding” release and the drive mechanism
would tend to counteract the effect of immigration. Three mechanisms have been proposed for
gene driving and are described below.

Figure 4. The importance of impaired relative mating competitiveness (f ) of sterile males used in an SIT
programme. The model used to simulate the effects of mass release of sterile males at a ratio of 3.5 per wild
type male is that described by Rogers and Randolph,26 in which the insect population is density dependent
regulated. It can be seen, that as the relative mating competitiveness (f ) changes from 1 (equal to the wild
type) downwards, there is a decrease in the effectiveness of the SIT programme.
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Negative Heterosis (= Underdominance for Fitness)
Serebovskii28 in 1940 was the first to suggest a mechanism for positive selection upon a

released genetic abnormality, using autosomal translocations with a viable and fertile homozy-
gote but a semi-sterile heterozygote—a condition known as negative heterosis. Release of enough
autosomal translocations, so that they were the majority type of chromosome, would be fol-
lowed by selection for fixation of the translocation. Serebrovskii only viewed translocations as
a means of population suppression by inherited partial sterility and he proposed to release just
enough to approximate to the point of unstable equilibrium between translocation and wild
type, so as maximise the time for which partial sterility would exist in the population. How-
ever, in 1968 Curtis29 proposed to release enough translocations to deliberately tip the balance
in their favour and to tightly link to the translocation (e.g., by an inversion) a refractoriness
gene so that this desirable gene would be driven to fixation in the wild population.

More recently, Davis et al30 have proposed a driving system based on a negatively heterotic
transgenic system of two lethals (A and B which are unlinked constructs), with a suppressor of
A being linked to lethal B and a suppressor of B being linked to lethal A. Thus, the pure strain
would be viable because both lethals would be suppressed, but crosses to wild type would
produce genotypes with an unsuppressed lethal, so that releases to raise the frequency of the
transgenic strain above an equilibrium point should be followed by powerful selection for the
released strain, which it is assumed would be equipped with refractoriness genes.

Bi-directional cytoplasmic incompatibility (i.e., sterility in both reciprocal crosses due to a
maternally inherited factor) exists between many different geographical populations of Culex
pipiens mosquitoes.31 This is another example where a mixed population should show negative
heterosis, with selection for the majority type. In 1970 Laven and Aslamkhan32 proposed re-
leasing an “integrated” strain which was both bi-directionally incompatible with the local wild
strain and also carried a male-linked translocation complex which caused high sterility, but was
not able to become homozygous because of its linkage to the male determining gene of Culex.
Krishnamurthy and Laven33 produced such a strain with cytoplasm of Paris origin, which was
chosen for use against Indian wild populations. Curtis34 showed, with an outdoor cage initially
stocked with a wild type Indian strain, that sufficient releases of the integrated strain led to the
fixation of this strain, despite its fitness load of >50% sterility due to the translocation com-
plex. If there had been absolute cytoplasmic incompatibility, the translocation complex and the
foreign cytoplasm of the integrated strain would have been effectively linked, but in fact occa-
sional partial compatibility produced some “recombinant” individuals with foreign cytoplasm
and no translocation. However, the repeated, relatively large, releases of the integrated strain
made into the cage prevented a take-over by the fully fertile recombinant type and finally the
cage population reached fixation for the integrated strain with its translocation—an approxi-
mate model of driving a pathogen blocking gene with some fitness load to fixation using a
negatively heterotic driving system. The integrated strain was shown to have adequate com-
petitiveness for mating in the field.5 However, daily releases into two Indian villages over 3
months of 20,000-40,000 males, with about 40-80 females, only raised the frequency of egg
rafts showing incompatibility and partial sterility due to the translocation to maxima of 62%
and 8.6% respectively.35 After consideration of various alternative hypotheses, the lack of the
expected fixation of the integrated strain in the population was attributed mainly to immigra-
tion of already mated females from other villages.

Unidirectional Incompatibility and Wolbachia
A much more powerful driving force, which apparently could be initiated by minimal

releases, is uni-directional cytoplasmic incompatibility, where matings of wild type females
to released males are sterile but the reciprocal cross is fertile. The causative agent of this type
of sterility was shown by Laven31 to be maternally inherited. The strain whose females are
not sterilised in a uni-directionally incompatible case would propagate its crossing type from
all matings, in contrast to the type whose female is sterilised when crossed. Thus, the former
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type would be expected to have a selective advantage and to spread from a “seeding” release,
and to sterilise the progeny of immigrants (unless the immigration rate is very high).36 It
should be noted that this type of selection is entirely different in nature from the frequency
dependent selection which can arise from bi-directional incompatibility, as discussed in the
previous section.

All wild Culex pipiens have been observed to be infected with Wolbachia symbionts. How-
ever Yen and Barr37 were able to eliminate the symbionts by tetracycline treatment. They found
that the resulting males became universally compatible with all other Cx pipiens but the females
became compatible only with Wolbachia-freed males. Thus, for the reasons explained in the
previous paragraph, a Wolbachia infected strain would be expected to be at a selective advantage
to an uninfected one; indeed rapid spreading of a Wolbachia infected type has been observed in
a Drosophila population.38 Presumably the ability of Wolbachia to cause uni-directional incom-
patibility between Wolbachia infected and uninfected insects is a mechanism evolved by Wolbachia
to favour its spreading throughout an insect population. In some mentions of Wolbachia as a
possible driving system, it has been implied that it spreads by an infection process. However,
this is not so—as far as is known, in nature, this symbiont is only vertically transmitted and
spreading in populations is dependent entirely on selection due to uni-directional incompat-
ibility and maternal inheritance. However, artificial horizontal transmission of Wolbachia has
been possible by injection of eggs so as to reinfect an insect strain which had been made
Wolbachia-free. After such artificial reinfection the expected compatibility properties were re-
stored and horizontal transmission between genera (e.g., between Aedes and Drosophila) has
been achieved.39

A survey of many wild and laboratory strains of Anopheles found none to be infected with
Wolbachia40 unlike many other groups of insects. Thus, if Wolbachia could be artificially intro-
duced into an Anopheles strain and this were released, spreading of the infected state would be
expected, due to the above described selection process. Attempts to inject Wolbachia into Anoph-
eles eggs and thus to set up a sustained infection have so far not been successful, but S.Sinkins
(personal communication) is optimistic that this could eventually be done.

In contrast to the situation with bi-directional cytoplasmic incompatibility, a nuclear gene
(e.g., one which causes refractoriness to Plasmodium) and Wolbachia infection of the cytoplasm
would have no tendency to stay linked together after release into a population—every fertile
mating of wild type Wolbachia-free males to females of the Wolbachia-infected strain would
produce “recombination” of wild type genes with Wolbachia infected cytoplasm. It may be
possible to engineer refractoriness genes into the genome of Wolbachia or of mitochondria
which are maternally inherited like Wolbachia. However, Sinkins and Godfray41 consider it
more feasible to engineer one of the determinants of cytoplasmic incompatibility so that it is
placed on a nuclear chromosome closely linked to the nuclear gene which it is desired to drive
into a population. Their idea is based on the above mentioned data of Yen and Barr37 about the
contrasting effects of the crossing properties of males and females after removal of Wolbachia
from a mosquito strain. These results indicate that, in males, Wolbachia have the effect of
making sperms unable to fertilise, unless the sperms are “rescued” by the action of a compatible
type of Wolbachia in the female. It is not yet certain in what way the Wolbachia of different
strains of mosquito vary so as to lead to the complex web of compatibility relationships which
Laven31 found between different Cx pipiens populations. However, the idea proposed by Sinkins
and Godfray41 is first to spread an artificially produced Wolbachia infected Anopheles strain
through a wild vector Anopheles population and then to follow up with release of a strain with
a chromosomally positioned factor which “rescues” sperms inactivated by the relevant Wolbachia
strain The authors emphasise the “unreliability” of the process of transmission through the
maternal cytoplasm and expect that a “rescue” factor on a chromosome would gain a selective
advantage because of the absolute reliability of chromosomal inheritance. They predict that
this selective advantage would drive the chromosome concerned to fixation and that a closely
linked refractoriness factor would “hitch hike” to fixation also.
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Transposable Elements
A transposable element (transposon) is located on a chromosome and tends to copy itself

elsewhere on the chromosomes and hence to spread in populations. The P element is one such
transposon which is known to have spread to fixation throughout the world’s Drosophila
melanogaster populations during the 20th century. It can be observed to spread to fixation in a
cage population if initially mixed with nonP carrying Drosophila.42 P is not functional in Anoph-
eles but other transposons are well known in these mosquitoes and have been proposed as
driving systems for genes for refractoriness to Plasmodium genes.43,44 A range of transposable
elements, including piggyback, minos, mariner and hermes, have been successfully used to ge-
netically transform mosquitoes. However, much remains to be discovered about these transposons
and their suitability as effective drive mechanisms.45 For example, transposition rate may be
reduced by a repressor, as documented for the P element in D. melanogaster where mobility
decreases after several generations due to the accumulation of a transposition inhibitor. Such
effects would have important implications for the ability of a specific transposon to effectively
drive refractoriness through a target population.

The Problems of Incomplete Linkage to Driving Systems
and Reduced Fitness of Transgenes Which Cause Refractoriness

The Nature of the Problem
Genetic recombination between a driving system and a transgene which it is desired to

drive into a population (or back mutation of the transgene to the wild type which can transmit
the pathogen) would produce insects with the driving system alone. If the refractory gene had
a fitness cost associated with it, the eventual result would be fixation of the driving system, but
without the desired reduction in the vectorial capacity of the wild population.

To date, there has been very little investigation, whether experimentally or theoretically,
into the limitations on these drive mechanisms. In particular, the possibility of separation of
the driver mechanism and refractory genes has either not been considered, or it has been
optimistically assumed that this could be prevented with an inversion.29 In nature, separa-
tion could occur either through recombination in the case of transposons and negative het-
erotic systems, the incomplete inheritance of all cytoplasmic DNA in the case of Wolbachia,
or inactivation of the refractory construct by random mutation in all three systems. Al-
though such events are likely to be uncommon, they are inevitable in extremely large vector
populations, given sufficient time. Once the link between the driving mechanism and the
refractory gene is broken, the dynamics of gene driving will be different from those previ-
ously represented.

The fitness effects of transgene insertional mutagenesis has been discussed in an earlier
section. In addition, expression of the refractory transgene might lead to a reduction in fitness.
It is not clear whether it will be feasible to select a transgene causing 100% refractoriness to
Plasmodium development in Anopheles, yet with negligible fitness cost. An Anopheles strain
with the first transgene to be produced (a fluorescent marker) had severe reduction in fitness,
but this was at least partly due to inbreeding depression, which may be avoidable with appro-
priate breeding schemes.22 Of two transgenic strains with considerable reductions in suscepti-
bility to rodent malaria,23 one was reported to have normal fitness.24 However, the transgene
had been maintained in heterozygous condition by a selective breeding scheme and was then
mixed with an equal number of wild types and, over the next five generations in a caged popu-
lation, the frequency of the transgene did not decline significantly. With this breeding scheme
few homozygotes for the transgene would have been produced and the test was primarily of
heterozygous fitness of the transgene. Mutants commonly show reduced fitness only when
made homozygous, and effective reduction in the vectorial capacity of a wild population would
require that a refractoriness construct was driven to fixation of the homozygote. Further work
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is therefore needed to determine whether effective pathogen blocking transgenes with zero or
minimal fitness reductions of the homozygotes can be engineered. Probably the prospects could
be improved by arranging that the transgene is only switched on at the time of blood feeding,
when Plasmodium gametocytes may be picked up and when they may succeed or fail to estab-
lish themselves as oocysts.

Mathematical Models to Test the Likely Effects of Recombination
and Fitness Costs

Current models of genetic drive systems have tended not to include the effects of fitness
costs associated with either the refractory transgene expression or the construct insertion ef-
fects. Rather, it has been suggested that reduced fitness due to the transgenes is of limited
importance because a stronger or more efficient driving system could always be used to ensure
the refractory trait is taken to fixation.22 As we will show, this is not the case.

At present we only have hypothetical figures for fitness, but we consider it worthwhile to
model the consequences of impaired fitness of transgenic lines for all the three drive systems.
As with population suppression approaches (see Fig. 4), the inclusion of fitness costs reduces
the effectiveness of the driver systems relative to the no-fitness-cost assumption. Fitness costs
will raise the threshold conditions necessary to drive the refractory traits to fixation. This can
be best shown for the negative heterosis, or underdominance system.

Davis et al30 describe a number of possible configurations of the underdominance system,
including the simplest system which is termed “extreme underdominance”. In this system, if an
engineered allele A was introduced into a wild population (all of gentotype aa) then the two
homozygous genetoypes (aa and AA) are both viable, but the heterozgote (genetotype Aa) is
not viable. Under the assumption of equal fitness of AA and aa genotypes, the predominant
allele frequency will go to fixation (see Fig. 5A). In other words, if there were a single release of
engineered AA individuals into a fully wild type population of aa genotypes, then the relative
frequency of the A allele would have to be greater that 0.5 in order to drive to fixation. If we
assume there is a fitness cost associated with the engineered AA genotype, then this threshold
increases above 0.5. The critical threshold level to drive to fixation is defined by 1/[2 + (f - 1)],
where f is the relative fitness of the AA genotype. The change in threshold allele frequency as a
function of fitness cost is shown in Figure 5B. In the other underdominance systems described
by Davis et al, such as the “nonhomologous” model, the inclusion of fitness costs results in the
desired refractoriness trait being driven to a stable equilibrium which is below fixation. This is
demonstrated in Figure 6A,B.

Next, we examine the importance of these fitness costs in a driving system with assumed
low levels of recombination with the gene which it was attempting to drive to fixation. The
first model, based on the Riberio and Kidwell44 model of a transposon drive mechanism,
describes changes in allele frequencies following an initial introduction of a defined propor-
tion of individuals (i) which are homozygous for a single gene for refractoriness closely linked
to a transposon (TR/TR), into a wild-type population in which all individuals are homozy-
gous for the absence of both a transposon and the refractory gene (NS/NS). The populations
are assumed to mate randomly, so that the genotype frequencies at the beginning of each
subsequent generation are determined in accordance with Hardy-Weinberg expectations.
We follow the previous modelling work44 in specifying a simplification of the transposon
copying mechanism, in which in all individuals heterozygous for the presence of a transposon
(TR/NS), there is a probability (e) that the transposon will copy itself and the associated
refractory or susceptible trait to the homologous chromosome, generating a disproportion-
ate number of TR gametes.

To represent natural selection against refractory adults, the gene frequencies are adjusted by
multiplying the frequencies of all individuals bearing the refractoriness gene by a relative fitness
(f ) between 0 and 1. The surviving individuals form gametes, whose genotype frequencies are
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Figure 5. A) The existing model for simple underdominance has assumed that the genetic constructs and
associated desirable genes are selectively neutral. Without fitness cost there are three fixed points for the driven
allele, A* = 0, 0.5, 1. The 0 and 1 points (extinction or fixation, respectively) are stable. The 0.5 point is
unstable, so whatever is predominant, whether A or a, will go to fixation. The figure shows changes in
refractory gene frequency in generation t+1 as a function of frequency in t. B) Importance of fitness costs in
the extreme under-dominance model described by Davis et al.30 The proportion of the population that must
be transgenic for the trait to go to fixation is determined by the fitness of the transgenic genotype. With no
fitness cost the proportion is >50%. With decreasing fitness, the proportion is increasingly greater than 50%.
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Figure 6. A) Example of nonhomologous underdominance with fitness costs which results in the refractory
gene stabilising at an equilibrium level below complete fixation. Release frequency of AABB (engineered
genotype) = 0.1, Additive fitness cost associated with dominance A = 0.3, B = 0.3, insertional effect
assumed to be recessive gamma = 0.2, delta = 0.2. So genotype relative fitness aabb (wildtype) = 1, AaBb
= 0.64, AaBB = 0.384, AABb = 0.384, AABB = 0.234. B) Relationship between fitness costs and equilib-
rium frequencies for the nonhomologous underdominance model.
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determined by genotype frequencies in adults, adjusted by the probability of recombination (r)
between the transposon and the refractory/susceptible gene. These gametes pair randomly to
determine the initial genotypic frequencies of zygotes in the next generation. The model as-
sumes complete density-dependence of population size, so that the number of individuals in
each generation recovers to a constant level, which is independent of the relative frequency of
its constituent genotypes.

We use the model to investigate two sets of parameter values: (1) a refractory trait confer-
ring a low fitness penalty (relative fitness, f = 92.5%) but a relatively high recombination
probability of 1 in 1000 per generation (i.e., r = 0.001), (2) a refractory trait conferring a
higher fitness penalty (f = of 85%) but a much lower recombination probability of 1 in 106

(r = 0.000001). We set the rate of recombination at 0.1% in scenario 1 as we consider that in
practice during laboratory testing of a new driver-transgene combination one could only
hope to confidently exclude the existence of a recombination rate of about that order of
magnitude.

Fitness costs are assumed to be multiplicative i.e., the relative fitness of homozygous
refractory individuals is set as f2. Under both fitness and recombination scenarios, the
transposon drive mechanism ensures the refractoriness trait initially spreads despite the fit-
ness cost imposed by the refractory trait (see Fig. 7). However, recombination eventually
generates transposons in combination with susceptible wild-type gene that do not carry the
refractory-associated fitness costs. Unshackled from the fitness constraint, these transposons
drive themselves to fixation, replacing any refractory/transposon genotypes. The relative time
taken for the refractoriness to initially spread before being replaced by the transposon/sus-
ceptible type is dependent on the initial release frequency (i), the fitness of the refractory
mosquito (f ) and the rate of recombination between the drive mechanism and the refractory
loci (r).

Similar modelling approaches can be used to investigate gene driving using Wolbachia. The
model is essentially the same as that described by Turelli et al,46 but with separate estimation of
the frequency of Wolbachia with and without refractoriness genes. We assume that a proportion
(i) of individuals bearing dominant refractory genes linked to Wolbachia (WR) are introduced
into a susceptible wild-type population without Wolbachia infections (NS). The model differs
from that for transposon-driving in that the advantage of the Wolbachia is conferred through
cytoplasmic incompatibility, whereby all matings of infected females with uninfected males
result in fertile infected offspring, but the reciprocal cross is sterile. In the models shown here,
we set the parameter for incompatibility as 1 (complete sterility). The possibility of the drive
mechanism dissociating from the gene for refractoriness is determined not by recombination,
but by the probability (p) of ‘maternal disinheritance’, where the endosymbiont is inherited
without passing on the refractory gene—i.e., that WR gametes convert to WS. Another mecha-
nism resulting in the conversion of WR to WS is random mutation resulting in inactivation of
the refractory trait which will give WS alleles even if the refractory gene is encoded by engineer-
ing the Wolbachia. We consider a best-case version of the Wolbachia system by assuming no
fitness costs associated with Wolbachia infection per se but rather with the inheritance of a
refractory gene.

Figure 8 shows the temporal dynamics under the same scenario of fitness (i.e., f = 0.925 and
f = 0.825) and effective recombination rates (p = 10-3 and 10-6) as described for the transposon
system. In contrast to a transposon driving-mechanism, the fitness of a Wolbachia driving mecha-
nism depends partly on the frequency of Wolbachia within the population, and therefore the
frequency of productive matings. The outcome is therefore relatively more sensitive to the
initial release frequency of WR individuals. In Figure 8A,B, we assume an initial release of 10%
and 30% WR individuals respectively. Again, as in the transposon model, the transient effect
of initial refractory drive, followed by resurgence of susceptibility is seen as the driver dissoci-
ates from the costly cargo and goes to fixation in combination with the wild-type susceptible
background.
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Figure 7. A) Predicted genotype frequencies over time, following an initial introduction of individuals (i =
10-6) homozygous for a transposon (T) with replication probability (e) = 0.8, initially linked to a refractory
gene (R), with a fitness (f ) of 0.925 relative to the wild type. Probability of recombination (r) is 1 in 1000
per generation. Mating is random and the population completely density dependent and stable. B) As above,
but with a fitness (f ) of 0.85 and a probability of recombination (r) of 1 in 106 per generation.
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Figure 8. A) Changes in the Wolbachia/Refractory genotype with an initial release proportion of i = 0.1,
relative fitness of the transgenic f = 0.925, and recombination rate of p = 0.001. B) As above, but with
initial release of i = 0.3, fitness f = 0.825, and recombination rate p = 0.000001.
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Conclusion
The models presented here show that the three drive mechanisms will only confer perma-

nent protection if there is perfect linkage between the driver and refractory genes. This is
unlikely. Experience from breeding programmes for sterile-male release of the Mediterranean
fruit fly Ceratitis capitata shows that although careful engineering can ensure that desirable
traits are only rarely lost through recombination, such events are sufficiently frequent in large
populations to threaten the maintenance of the system.47 Solutions to this problem in the
laboratory and factory settings (early detection and elimination of recombinant individuals
from small closed colonies)48 will not be available in the field.

Despite this limitation, significant protection could be conferred for a few or even several
years before the system breaks down. The model outputs confirm the intuitive idea that the
degree of protection is higher as the relative fitness of the refractory gene increases, and as
recombination becomes rarer. They also illustrate some important interactions between the
different properties. For the transposon driver, refractoriness genes with low relative fitness
(f <0.7 in the above example) are unlikely to confer any significant protection. At intermedi-
ate to high levels of fitness (0.7 to 0.975), protection is highly dependent on the rate of
recombination. Only as relative fitness approaches 1 does recombination rate again become
relatively unimportant. The benefits of the introduction are highly dependent on the time-scale
considered. Over longer timescales benefits are generally reduced, and are more dependent
on the rate of recombination (the main determinant of when the system will eventually
break down). Wolbachia systems have very similar properties, but with the additional limita-
tion that initial release frequencies would have to be high in order to establish any selective
advantage for transgenic individuals: the population necessary to lead to establishment is in
turn highly dependent of the fitness of the refractory genes. Underdominance appears to be
a more robust mechanism, as recombination could not separate refractory and driver con-
structs without killing the carrier individual, and the probability of fixation is relatively
insensitive to increasing fitness costs of refractory genes. The main obstacle may be establish-
ing breeding programmes capable of continuously releasing relatively high frequencies (~3%)
of transgenic insects.

By characterizing the relative importance of different properties, and the interactions be-
tween them, mathematical models can act as a guide in designing transgenic insects. They can
also help to make the critical decision over whether to carry out field trials as the release of
poorly designed transgenics may compromise implementation of future systems. Once a
transposon has been used it could not be used for another release campaign against the same
population, as the target must lack this transposon in order for the drive mechanism to be
effective. Sinkins et al49 have shown that matings between insects which are doubly-infected
with Wolbachia and those which have single infections confer cytoplasmic incompatibility equiva-
lent to the matings between singly infected and uninfected individuals described above. This
raises the possibility that multiple Wolbachia infections could permit at least one additional
release. It is unlikely, however, that it would be possible to continue adding additional infec-
tions without maternal disinheritance becoming very frequent.

The models presented here exclude processes for which field data are unavailable or difficult
to generalize, such as restriction on gene flow through geographic isolation and nonrandom
mate-choice. These properties are likely to be important in the field, and will generally tend to
reduce effectiveness.50 Also, the models we present are restricted to describing changes in allele
frequency in the vector population and stop short of elucidating the impact on the epidemiol-
ogy of the transmitted pathogen and, ultimately, the public health burden in the affected hu-
man population.51 A model-based prediction of successful gene drive should therefore be con-
sidered as only a minimum requirement for any putative mechanism, to be considered alongside
other factors, such as potential side-effects on other diseases and the wider environment, changes
in the epidemiology of the target disease and cost-effectiveness relative to other disease-control
measures.51,52
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CHAPTER 7

Malaria-Refractoriness in Mosquito:
Just a Matter of Harbouring Genes?
Christophe Boëte*

Abstract

Amongst the last vector-based hopes for malaria control the most touted one is, without
doubt, the use of transgenic mosquitoes able to kill/ block the development of malaria
parasites and thus to interrupt malaria transmission. This potential solution is gaining

some support because of advances in our comprehension of mosquito immunity and technical
progress allowing mosquito modification. If the lack of a genetic drive is a technical problem
that can easily be solved thus allowing an allele of interest to spread in natural populations, the
difficulties inherent in this method, its possible consequences and its validity for malaria con-
trol remain questionable.

The technological aspects have been at the centre of the debate concerning the use of GM
mosquitoes built to resist malaria infection but little research has been done until recently on
the ecological and evolutionary aspects linked to this, still hypothetical method for malaria
control. Indeed, let us consider that a mosquito enabled to be refractory to Plasmodium falciparum
can be created in the laboratory, what then are the crucial factors for the successful field applica-
tion of such a method? The spread of refractoriness, the evolutionary response of the parasite
and obviously the effect on transmission and malaria epidemiology are certainly determinant.
Up to now, the importance of these parameters has not been fully understood. However the
evolutionary ecology of malaria-mosquito interactions and the knowledge concerning the
mosquito’s natural immune responses can bring some interesting insights into this debate. Ob-
viously, one here may argue that the proposed solution relies mostly on artificial peptides, such
as SM11 or the single chain antibody fragment N2scFv2 and not so much on natural immune
responses even if this is still evoked.3 However if mosquitoes harbouring SM1 are able to reduce
parasite oocyst number by about 80%, the only fully effective system described yet is the mela-
nization response in selected lines of mosquitoes.4 Moreover the ecological and evolutionary
aspects of resistance against malaria parasites would certainly not be different whether it con-
cerns artificial peptides or natural alleles. As proven, harbouring transgenes and malaria-resistant
allele has been shown to be associated with a cost,5-7 a classical view in evolutionary biology.
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The Spread of Refractoriness
The first step for the success of genetically modified mosquitoes is the spread of refractoriness

in natural populations of vectors. If research has focused on mechanisms conferring resistance
against Plasmodium spp., little research has been done on the spread of an allele conferring
refractoriness in natural populations of mosquitoes. Several methods have been considered for
the release and maintenance of alleles of interest in mosquito populations. One of these is the
use of a construction based on two-independent lethal alleles, each of them being linked to a
suppressor allele of the other. If the two alleles are present, the individual that carries them
survives and over a certain frequency within the population, the system can be maintained.8,9

Linking an allele conferring refractoriness to such a system could permit its spread. More re-
cently the use of endonucleases (Homing Endonucleases Genes) has been considered to favour
the spread of allele of interest in vectors populations.10 An alternative method could be the use
of Wolbachia11 but none so far have been found in Anopheles. Finally, most actual hopes depend
on the use of a tandem, composed of a transposable element and an allele of refractoriness,12 a
solution for which mathematical models have been designed.13-15 These models enable the
determination of the conditions under which refractoriness can spread in mosquito popula-
tions. Thus, whereas the spread of an allele coding for refractoriness will depend on its associ-
ated costs and benefits,15,16 when it is linked to a transposable element its fixation will depend
mainly on the segregation bias. Also it appears relatively easy ‘under ideal conditions’ to invade
a population with an allele conferring resistance to P. falciparum.15,17 However the goal of a
control program is not the spread of one or several genes of refractoriness against malaria in
mosquito population but to reduce malaria burden in human populations.

So, what are the effects on the spread of such an allele on malaria epidemiology? The model
developed by Boëte and Koella15 gives us some insight on the effect on the epidemiology. Indeed
the impact on prevalence in the areas of intermediate or high transmission is significant only if
the efficacy is nearly total (Fig. 1). Also the major parameters affecting the outcome of a release
of transgenic mosquitoes built to be resistant against malaria and enabled to invade the natural
population are the efficacy of refractoriness and the initial level of transmission (i.e., the level of
transmission when transgenic mosquitoes are introduced). This brings us back to the
Ross-MacDonald equation of malaria transmission18 which shows that this result is not surpris-
ing. Indeed, the basic reproductive number (R0) and the human prevalence (y) are linked by a
highly nonlinear relation (Box 1), therefore R0 needs to decrease strongly in order to make any
change in the human prevalence. Moreover, describing R0 (Box 1) shows that both the efficacy
of infection (b) and the number of susceptible mosquitoes (m) are linear terms. Modifying them
(which would be done by the use of transgenic resistant mosquitoes) is also much less efficient
than reducing the biting rate (a) or increasing the mosquito mortality (µ).

After the spread of refractoriness is achieved, the crucial factor is the efficacy of the mosquito
immune response.

The Efficacy of Refractoriness
Until now, the best efficacy of refractoriness against Plasmodium spp. has been established

with the natural immune response of encapsulation/melanization. Indeed a laboratory strain of
Anopheles gambiae has been selected for the encapsulation/melanization of P. cynomolgi and it is
also totally refractory to South American strains of P. falciparum and partially to African strains.4

However, will the genes that confer malaria-refractoriness (at least to some strains of para-
sites) function independently of environmental conditions?

Environmental Effects
As is the case for many invertebrates,19 environmental conditions influence the mosquito

immune response. Any stress during the larval stage20 leads to a decrease in the mosquito’s
ability to melanize a foreign body. Thus, in mosquito lines selected for refractoriness,4 a reduction
in food availability from 100% to 25% of a standard diet reduces the proportion of mosquito
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Figure 1. Effect of the fixation of an allele coding for malaria-refractoriness in a mosquito population on
the human prevalence. If the allele has invaded the mosquito population, it has a significant impact on
human prevalence only if the efficacy of refractoriness is close to 1 all the more since the initial transmis-
sion (the one observed in the absence of resistance from the mosquito) is high. (See ref. 15 for numeric
values of the parameters.)

Box 1. The epidemiological aspects related to the spread of an allele conferring
’malaria-refractoriness‘ to mosquito

The intensity of transmission, R0, and the human prevalence are linked via a non-linear relation (Equ.
1), thus any decrease in human prevalence (y) requires, especially in endemic areas, a dramatic
decrease in the level of transmission.
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Moreover, to use genetically modified mosquitoes able to resist a malaria infection is equivalent to
reduce the efficacy of the infection from human to mosquitoes (b) or the number of mosquito per human
(m). Both those parameters are linear in the definition of the basic reproductive number (Equ. 2) and
their modification is less efficient that an intervention aiming at increasing mosquito mortality (µ) or
decreasing the biting rate (a).

    
R

ma be
r

T

0

2

=
−µ

µ
(2)

(T) and (r) are respectively the developmental time of the parasite and the recovery rate of human.
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melanizing more than half of the bead from 75% to 36% (Fig. 2). Melanization ability is also
reduced when the adult mosquito is confronted with alimentary21 or environmental20 stress.
Thus, it appears fundamental to measure the norms of reaction of the potential allele of inter-
est22 to determine the range of phenotypes that this allele could provide. Such a work has been
done by Drosophila geneticists23 but such information is lacking concerning the vectorial com-
petence of the recently created transgenic mosquitoes.

Demographic Effects
Furthermore, mosquito’s immune response weakens dramatically with age.21,24 Indeed in

about five days, the melanization ability can decrease by more than 70% in a malaria-susceptible
and also in a refractory line (Fig. 3). Thus wild blood-fed females25 show a decrease of 25% in
their ability to melanize a foreign body between emergence and the age of four days. As most
mosquitoes will become infected when they are already more than 5 days old, even in an area of
high transmission,26 such a decrease in their immune response is unlikely to affect significantly
the malaria epidemiology.

Figure 2. Effect of larval nutrition (as a percentage of the standard diet) on the melanization response of
CM-25 Sephadex beads in Anopheles gambiae, from a strain previously selected for its melanization ability
(figure modified from ref. 20).

Figure 3. Effect of age after emergence on the melanization response of CM-25 Sephadex beads in Anopheles
gambiae, from a strain previously selected for its melanization ability (figure modified from ref. 21).
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It also appears that if technically it may be possible to favour the spread of an allele of
interest in a natural population of mosquitoes, its efficacy may not be total and the reduction
of prevalence very low. Therefore, engineering a high (at least lab-based) efficiency of resistance
is not the only headache.

Efficacy and Number of Species
If the WHO has planned the use of GM mosquitoes for malaria control in a few years, it

remains limited to Anopheles gambiae s.s. This choice reflects the importance of this sub-species
in malaria transmission in Africa, but in fact dozens of species are vectors of malaria in the
world. To make matters worse, in most areas, several species are responsible for malaria trans-
mission. It has indeed been shown in Tanzania that up to 4 species can contribute to trans-
mitting malaria in one site.27 To render a species refractory to malaria parasite in such a
setting will probably affect very lightly (or not) transmission. Indeed, if we consider that 2
vectors are equally responsible for transmission in a given area, to have one completely
refractory is equivalent to having a total efficacy of 50% in the whole population. As seen
previously, the efficacy of refractoriness has to be nearly total to have a significant effect on
human prevalence.15 Thus, in numerous situations, there is not one but several species of
mosquitoes that need to be transformed to generate a significant decrease of the malaria
burden.

Stability of the System
Finally, a critical point with this method using a transposable element and an allele confer-

ring refractoriness is the stability of such a system. Indeed it is nearly impossible to assure the
link between the allele of interest and the system used for its spread. It is very likely that
recombination will produce individuals where the link between the allele and its driver will be
broken. This should therefore be followed by the spread of the transposable element alone,
making the construct impossible to reuse.

What about the Parasite?

Are All Parasites the Same?
Up to now the best efficiency against Plasmodium has been obtained in the laboratory with

a strain of Anopheles gambiae selected to encapsulate P. cynomolgi.4 This strain is also refractory
to South American strains of P. falciparum but only partially to African strains of the parasites
(Fig. 4). This intra-specific variability has been interpreted as a lack of recognition of the para-
sites strains by the host. This result also indicates the possibility of genotype by genotype inter-
actions that have also been suggested in a study showing that different QTLs are involved in
the mosquito’s response against different species of malaria parasite.28 Finally a recent paper has
corroborated the existence of such genotype by genotype interaction between P. falciparum and
Anopheles gambiae.29

If such relationships occur when using transgenic mosquitoes, the creation of different mos-
quito strains to cover the variants of P. falciparum should be envisaged. This technique would
certainly then lead to an arms race between the two partners of the interaction.30 Thus, in
order to maintain effective parasite control, new systems of refractoriness should then be cre-
ated. Moreover, as in the case of vaccine use,31 such a programme should be completed with a
survey of the parasites population(s) in order to determine any changes in the efficacy of refrac-
toriness and to track any changes in parasite virulence that could arise from this system. Finally
nothing is known on the effects of this introduced resistance against P. falciparum on the other
human plasmodial species and on the modifications it may lead on the interactions between P.
falciparum and the other ‘minor’ plasmodial species.32a
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The Evolutionary Response of the Parasite
Apart from the question of the efficacy of refractoriness in natural populations of mosquitoes,

one may wonder if, facing an increased resistance the parasite may respond by a suppression or
escape mechanism. Indeed immunosuppression exists in many parasites that affect humans32b

such as HIV,33 P falciparum34,35 or the etiological agent of lepra Mycobacterium leprae.36 In
insects, the best examples of immunosuppression can be found in dipteran or hymenopteran
parasitoid species, whose larvae develop within their insect host.37 Indeed, when laying their
eggs within their host, parasitoids inject poly-DNA virus or proteins38,39 that leads to the
destruction of cells involved in the immune response.40-42 A similar phenomenon could explain
the quasi absence of melanized ookinetes or oocyts of P. falciparum in Anopheles gambiae mos-
quitoes that are nevertheless able to melanize inert negatively charged CM-25 Sephadex beads.25

A hypothetical reduction or suppression of melanization has already been suspected43 and has
been shown to occur in the model system Aedes aegypti and P. gallinaceum by two complemen-
tary experiments.24,44 They have revealed that melanization response was suppressed by a direct
action of ookinetes or young oocysts of P. gallinaceum and also by blood factors (Figs. 5, 6).
This mechanism of immunosuppression is both stage-specific and systemic as the melanization
response was tested in the thorax whereas the parasite is found in the abdomen. Such a method
of escaping the immune response may also occur with any introduced artificial refractoriness.

Another concern is the fact that mounting a strong immune response against the malaria
parasite may have detrimental effects. Indeed our experiment44 revealed that mosquito mortal-
ity was significantly higher in the group where melanization was the strongest. This may be
explained by the fact that cytotoxic molecules are released during the encapsulation response
that have negative effects in an open-circulatory system.45 Such a cost has already been
observed in bumblebees, where in undernourished individuals, inducing an immune response
leads to a reduction in survival.46 This result suggests that the parasite, as a result of the immu-
nosuppression induced, increases its own survival and also that of its vector, by reducing its
mortality associated with the immune reaction. Thus, the parasite compromises the evolutionary
response of resistance by the host against the evasion of the parasite.

It therefore appears interesting to reexamine the results of the selection experiment for
refractoriness against P. cynomolgi by Collins et al.4 Indeed the melanization response is species

Figure 4. Lack of recognition or differential ability to suppress mosquito’s melanization response?
Measurement of the refractoriness level of an Anopheles gambiae strain selected for refractoriness against
a strain of P. cynomolgi (first bar) against several plasmodial species and strains of P. falciparum from the
Old and the New World (modified from ref. 4).
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and strain-dependant and if it can be seen as genotype by genotype interactions, one can also
express the hypothesis of a different ability to suppress the mosquito melanization response in
the different strains of malaria parasites as seen above. Obviously it remains to be demonstrated
that other species of Plasmodium spp. and especially P. falciparum can suppress their mosquito
vector’s melanization response and that this immunosuppression has a genetic basis.

Figure 5. Immunoreduction in Aedes aegypti by P. gallinaceum. Each panel represents the melanization
response of CM-25 Sephadex beads in mosquitoes at different time after an infectious or uninfectious
(control) blood-meal. The melanization ability is determined according to the degree of melanization of
the bead (none or low, patchy and complete). It appears that the infected blood-meal is drastically
reducing the mosquito melanization response when the parasite is at the ookinete or young oocyst stage.
(Figure modified from ref. 24.)

Figure 6. Direct and indirect immunosuppression by P. gallinaceum in Aedes aegypti. The black dots
represent the mosquitoes having blood-fed on a healthy plasma whereas the open dots represent the ones
having blood fed on an infected one. The melanization response is measured 24h after the blood meal.
Both the infected plasma and the parasite (at the ookinete or young oocyste stage) lead to a decrease in
the mosquito ability to melanize CM-25 Sephadex bead injected in the mosquito’s thorax. This highlights
a stage-specific, systemic, direct and indirect immunosuppression. The numbers of mosquitoes are given
near each dot (figure modified from ref. 44).
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Finally even without knowing the mechanism of the immunosuppression, it can already be
assessed that such an immune evasion mechanism will occur and be selected in parasite popula-
tions after the release and the possible spread of any ‘artificial’ resistance in transgenic
mosquitoes. This would obviously reduce the efficacy of the system. Using transgenic mosqui-
toes enabled to resist malaria infection can be considered to be equivalent to forcing the mosquito’s
investment in an immune response against the malaria parasite. Such an increase should be
followed by an increase in parasite investment in the ability to suppress its vector immune
response, as suggested by a model initially developed to better understand the low melanization
of ookinetes in natural population of mosquitoes.47 This means that in the long term, any
program aiming at reducing malaria transmission by the use of GM mosquito should expect to
see a reduced success because of the selection of more ‘immunosuppressive’ parasites.

Conclusion
Thus, from a purely technical point of view, it appears possible to generate mosquitoes

modified to resist P. falciparum infection and to carry a driving system that will favour the
spread of the allele conferring refractoriness in natural populations. From a molecular biologist
point of view, this gives optimism for malaria control, but probably not for a population biologist
and for an epidemiologist. Indeed, whether transgenic mosquitoes can be efficiently deployed
in the field, i.e., lead to a significant and sustainable change in malaria transmission, remains
unclear.48 Once the allele conferring refractoriness has spread in a population of mosquitoes,
the major question remains its efficacy in any environmental conditions, at any age of the mos-
quito, against all genotypes of parasites and its ability to cope with a potential evolutionary
response by the parasite.

These results highlights the fact that a better understanding of the evolutionary ecology of
mosquito refractoriness could allow us to determine if transgenic mosquitoes are a useful way
of controlling malaria. It should also permit us to determine if continuing efforts in the cre-
ation of GM mosquitoes for malaria control is worthwhile.

Finally the use of transgenic mosquitoes for malaria gives rise to many questions and little
hope for a change in malaria situation in the coming years. If the search for new methods to
control malaria continues, we should keep in mind that an efficient and appropriate use of the
existing methods for control should certainly permit us to make a real dent in the current
malaria situation and save lives in a short period of time. It probably raises less scientific ques-
tions than high-tech approaches but at least it appeals to a strong questioning of the global
economic system49 and its political and social implications.
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CHAPTER 8

The Epidemiological Consequences
of Reducing the Transmission Intensity
of P. falciparum
Hugh Reyburn* and Chris Drakeley

Abstract

Control methods which aim to reduce the human host’s exposure to infected mosquitoes (as
is the desired outcome of a release of transgenic mosquitoes) will ideally reduce the
frequency of malarial infection. This change in transmission intensity will affect the

development of immunity to malaria and the age at which infections are acquired. Both of
these have important consequences for the overall burden of malarial disease with some sugges-
tion that transmission reduction might not be beneficial in all scenarios. In this chapter we
review the methods for measuring malaria transmission and summarise the data on disease
epidemiology in these settings.

Introduction
Transgenic technology applied to malaria control has led to the idea of using genetically

modified (GM) mosquitoes able to interrupt malaria transmission. While technological ad-
vances are being made in this area1 there remains uncertainty as to how their introduction
would affect the human burden of malaria. Such an impact will depend strongly on the effi-
ciency of refractoriness2 and on the preintervention levels of transmission.3 In addition there
are fundamental epidemiological questions relating to the level of population immunity and
the consequent burden of malaria are common to any intervention designed to reduce expo-
sure to infection and are the focus of this chapter.

At high levels of transmission there have been concerns that reducing transmission could
result in a rebound in mortality in older age groups as the population level of immunity re-
aligns to new levels of exposure. It has been argued that high rates of infection in early life may
stimulate active immunity at a time when other mechanisms such as maternally acquired anti-
bodies and the persistence of foetal haemoglobin reduce the risk of severe disease.4 Other
age-dependent effects may also operate, particularly that cerebral manifestations of malaria are
relatively more common among older children than infants. These concerns were first raised in
the context of the WHO campaign for the eradication of malaria in the 1950s5,6 and have
resurfaced with the growing use of insecticide treated nets (ITNs).4

At the other end of the transmission spectrum reductions from low and very low levels
may result in a change from ‘stable’ to ‘unstable’ (i.e., epidemic-prone) malaria. There are
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few studies on which to base conclusions about this scenario but we consider the evidence
later in the chapter.

The primary problem in resolving these questions, particularly at high transmission, is the
difficulty in maintaining a controlled trial of an effective intervention for more than about two
years, and this is insufficient time to observe rebound mortality. An alternative approach to
prolonged controlled trials is to compare the burden of malaria in populations naturally ex-
posed to different levels of transmission but this method has limitations.7-10 Stable populations
living under different levels of challenge have higher frequencies of genes that protect against
malaria mortality and parasite diversity and possibly resistance to antimalarials may be greater
at high transmission.3 In addition, malaria itself may be the cause and result of economic
differences which are likely to affect overall mortality due to its multiple effects on nutrition,
access to and quality of care etc.11 Finally, no ideal measure of exposure to Plasmodium falciparum
(P. falciparum) currently exists that can reliably characterise the exposure of large populations
that are needed if outcomes of severe malaria and mortality are to be compared.12

Measures of Malaria Transmission
Traditional methods of categorising transmission intensity of P. falciparum are summarised

in Table 1. Each method has limitations that constrain current knowledge of how the human
burden of malaria varies with transmission. However, in the context of GM mosquitoes, a
combination of the approaches discussed below could provide improved measures of long-term
exposure over large populations.

Entomological
The gold standard measure for (mosquito-man) transmission intensity is the entomological

inoculation rate (EIR). The EIR is classically derived from the density of man-biting anopheline
mosquitoes, sporozoite rate and the human blood index and represents the number of infec-
tious bites an individual is likely to be exposed to over a defined period of time usually one year
(ib/p/year). The human biting catch (HBC) is the most accurate method for assessing man
biting rates though this technique is limited due to ethical and logistical constraints. Light trap
catches (LTC) and pyrethrum spray catches (PSC) represent viable alternatives and have been
evaluated against HBC.13,14 Obtaining reliable and reproducible estimates of EIR is time con-
suming (and expensive) and subject to seasonal or meteorological fluctuations. Knowledge of
local vectors and their feeding behaviour is clearly vital.

A review of EIR in Africa found there to be marked heterogeneity in malaria risk across the
continent15 from more than 2 infectious bites per night (884 ib/p/yr) to zero. Most reported

Table 1. Classification of malaria transmission

Spleen Rate1

(% palpable spleen Parasite Prevalence1 EIR2 (infectious bites
in children age 2-9 yrs) (% in children age 2-9 yrs) per person per year) Endemicity

1-10% 1-10% <1 Hypoendemic

10-50% 10-50% 1-10 Mesoendemic

50-75% 50-75% 11-100 Hyperendemic

>75% >75% >100 Holoendemic

1 Garnham PCC. Malaria parasites and other haemosporidia. Oxford: Blackwell, 1966; 2 Beier JC,
Killeen GF, Githure JI. Short report: entomologic inoculation rates and Plasmodium falciparum
malaria prevalence in Africa. Am J Trop Med Hyg 1999; 61(1):109-113.
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studies have yet to consider confidence intervals (CI) around an EIR estimate which in areas of
unstable and low malaria transmission are likely to be wide as the chances of catching an
infected mosquito are extremely low. Any intervention which aims to reduce the proportion of
infected mosquitoes (e.g., genetically modified mosquitoes) must be sufficiently powered to
detect a significant reduction in this proportion pre and post intervention.16

Parasitological
Transmission estimates based on the prevalence of human infection (the parasite rate, PR)

are informative as they represent actual (rather than potential) infections and are a direct mea-
sure of the disease within the community. In theory, sufficient numbers of people can quickly
(and inexpensively) be tested (and retested) to obtain reliable estimates.

PR has been used to define malaria endemicity17 and it has been used to classify malaria
endemicity and recently has been correlated with EIR.18 However there are similar caveats for
PR and the EIR and relationships are not straightforward even in relatively small geographical
locations;12,19 in particularly PR is susceptible to micro heterogeneity caused by climatic fac-
tors and the socio-economic determinants of health seeking behaviour.

Clinical
A classical correlate of transmission intensity is the measurement of spleen rates in chil-

dren.20,21 Measurement of anaemia either as direct haemoglobin levels (Hb) or classification
into the prevalence of mild or moderate forms has also been shown to correlate with transmis-
sion intensity.12 The utility of these measures, Hb in particular, is that they are likely to be
more reliable than a single blood film and will reflect longer term trends in exposure to malaria.
However, different methods are often used to assess Hb levels and spleen rates are subject to
observer variation. There are also potential confounders with other diseases which can cause
both splenomegaly and/or anaemia, the latter may also be due to nutrient deficiency.

Serological
One possible alternative is to combine parasite prevalence with serological measurement of

anti-parasite IgM.22 This has been used to demonstrate reduced force of infection in bed net
trials and subsequently used to characterise transmission intensity.23 Other studies have shown
contrasting results with no change in antibody levels in studies with treated curtains24 and a
reduction in antibody recognition with treated nets.25 Similarly, contrasting data have come
comparing EIR with responses to merozoite surface protein 1.26,27 Clearly, both the choice of
antigen (and the longevity of the antibody response it elicits) and study subjects are important.
However the screening of large numbers of samples quickly and the potential for using more
immunogenic antigens at lower transmission makes this approach attractive especially when
blood taking can be combined with community health surveys.27 One intriguing possibility is
the measurement of anti-mosquito saliva antibodies in exposed populations (Mitchell, Drakeley,
and Billingsley unpublished data). Total antibody levels may reflect overall exposure and spe-
cific isotypes (IgE and IgM) more recent exposure history. In theory, as the proteome of saliva
becomes known, recombinant antigens could be used to refine identification to biting of spe-
cific species and reductions in vector host contact.

Geographical Information Systems
Recent advances in data collection techniques and remote sensing have led to increasingly

advanced models for malaria transmission.28-31 These are largely climate driven with additional
information used to refine the model for a particular scenario: malaria risk,28 vector distribu-
tion,30 epidemic prediction31 and urban malaria.32 However GIS models may lack precision to
define transmission at the local scale and a recent analysis suggested that they over-estimate
those at no risk.33 Modelling is becoming increasingly important in predicting malaria out-
breaks in epidemic prone areas.34
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The Effect of Reducing Transmission Intensity in Endemic Areas
Limitations in methodologies for measuring the transmission intensity of P. falciparum mean

that transmission is routinely classified into broad bands (Table 1). Existing evidence has used
these bands to predict the effects of reducing transmission on uncomplicated and severe ma-
laria and how these are reflected in malaria-specific and all-cause mortality. As will be seen,
these effects vary with transmission intensity and may change over time as the population level
of immunity adjusts to new levels of exposure; concerns have been expressed that the result
may not always be beneficial.4

Nonsevere Malaria
Malaria can present with a wide range of nonspecific symptoms, and generally it is not

possible to discriminate between malaria and a number of other common illnesses. Non severe
malaria is thus defined as a febrile illness with a positive test for malaria parasitaemia and no
obvious alternative cause of illness.

Since, in endemic areas, asymptomatic parasitaemia is common many cases meeting the
above definition are likely to be suffering from a nonmalarial illness, i.e., the definition of
nonsevere malaria lacks specificity even when slide results are available. While the inclusion of
the density of parasitaemia can provide some refinement to the definition, the problem of
specificity remains.35

In controlled trials the use of ITNs has been associated with a reduction in the incidence of
nonsevere malaria by almost 50%.36 The sustainability of this reduction can be estimated by
comparing stable populations living under different levels of P. falciparum challenge. In children
under the age of 18 months naturally exposed to a 10-fold difference in EIR in Tanzania there
was a 1.6 fold increase in the incidence of parasitaemia with fever in the high compared to the
lower transmission area, suggesting that in infants and young children artificial reductions in
transmission intensity are likely to result in a sustained reduction in nonsevere malaria.37

However, this effect may not be sustained among older children and adults. In two closely
monitored villages in Senegal (Dielmo and Ndiop) exposed to EIR of 200 and 20 ib/p/yr
respectively the age-specific incidence of any clinical episode of malaria was ‘right shifted’ in
the low transmission village compared to the high transmission village. The lifetime number of
malaria attacks, projected from population and malaria incidence data, was found to be 43 per
person by the age of 60 years in the high transmission village and 62 per person by the age 60
in the low transmission village (Fig. 1).38 Similarly in Kenya, Clarke et al found the incidence
of such attacks in school children in the Kenyan highlands, an epidemic prone area, to exceed
that in schoolchildren in a holoendemic area suggesting that the burden of nonsevere disease
may remain comparable at all levels of malaria transmission.39 The problems of accuracy of
diagnosis and attributing the cause of febrile episodes make a definitive answer difficult as at
high transmission levels the probability that febrile illness in the presence of parasitaemia but
which are due to nonmalarial causes increases.35

Severe Malaria
The definition of severe malaria is based on the presence of P. falciparum parasitaemia,

clinical features which have been empirically found to be associated with significant mortal-
ity, and the absence of an obvious alternative cause.40 In African children the presence of one
or more of 6 ‘syndromes’ capture the large majority of severe and fatal cases of malaria.41,42

These are:
1. Unrousable coma (a lower level of coma called ‘impaired consciousness’ is a supporting

criterion)
2. Respiratory distress (abnormally deep breathing associated with in-drawing of the chest

wall on inspiration).
3. Severe anaemia (Hb<5 g/dl)
4. Repeated convulsions
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5. Hypoglycaemia
6. Prostration (inability to sit unsupported over the age of 8 months, or to suck if under the

age of 8 months; prostration is technically a supporting criterion of severe malaria)
Case fatality is highest among children with coma, respiratory distress or hypoglycaemia

and is strongly influenced by delay in treatment, the quality of care and presence of associated
conditions such as dehydration or malnutrition. Case fatality of the specific syndromes varies
from under 5% to over 25%, with children suffering from combinations of syndromes having
a particularly high mortality. Overall ‘severe malaria’ is generally associated with a case fatality
of between 5% and 10%.41,42

Community-based data on severe malaria lack sensitivity and specificity in distinguishing
between malaria and other common infections43,44 and hospital-based data remain the pri-
mary source of information on how both the incidence and severity of malaria is likely to
change following reductions in transmission intensity.

Figure 1. Annual incidence of malaria attacks by age in permanent residents of two Senegalese villages
with markedly different P. falciparum transmission. A) Ndiop (EIR = 20 ib/p/y) and B) Dielmo (EIR =
200 ib/p/y). Reproduced with permission from: Trape JF, Rogier, C. Combating malaria morbidity and
mortality by reducing transmission. Parasitol Today 1996; 12:236-240.
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Trape et al (1987) were the first to compare hospital admission and death rates as a proxy for
the longer term effects of malaria control. In a study based in Brazzaville he found little varia-
tion in both admission and death rates due to malaria between areas with a 100-fold difference
in transmission intensity.45 Although these findings may be atypical of Africa generally, they
raised a serious public health question in the context of the wider deployment of ITNs.

A larger study to address this question compared hospital admission rates for severe malaria
to 3 hospitals from five communities (two of the hospitals each served identifiable populations
exposed to different levels of transmission) living at different intensities of P. falciparum trans-
mission. As a marker for variations in hospital usage, data on admissions for acute respiratory
infection were also collected; while these varied more than 2-fold, the variation was not system-
atic with transmission level. Results are shown in Figure 2; while admission rates for infants were
the highest at the 2 high transmission sites, cumulative admission rates for malaria by the age of
10 years were highest among populations exposed to moderate to low transmission intensity.23

Malaria admissions in the lowest transmission setting were consistently low at every age.
Inherent in the methodology of hospital-based studies is the potential for confounding

(social, genetic, treatment seeking etc) when comparing admission rates between distant popu-
lations.45 However, Schellenberg et al avoided many of these problems by studying the effect of
a falling malaria transmission on admission rates for severe malaria in Ifakara town, Tanzania.
In Ifakara between 1994 and 2001 age-specific parasite prevalence in children fell by at least
50%, the change being attributed at least in part to improved treatment (chloroquine was
replaced by SP as first line treatment in 1999) and higher coverage with insecticide treated nets.
During this time the incidence of nonsevere clinical malaria also fell by almost 50% in infants
but the number of hospital admissions for malaria rose by 13% in spite of a fall in nonmalaria
admissions (possibly related to the introduction of hospital charges).46

Three other studies have also suggested a similar ‘saturation effect’ of admission rates for severe
malaria which occurs somewhere between exposure levels of 1 and 30 ib/p/yr.19,47,48 Below this
point of saturation Snow’s data suggest that the incidence of severe malaria in areas of moderate
and low endemicity (PR<25% in children under 10 years of age) tends to increase linearly with
transmission intensity suggesting the greatest relative reductions in the incidence of severe malaria
can be achieved by reducing transmission intensity in areas of moderate and low transmission.49

Figure 2. Cumulative age-specific rates of admission with severe malaria from five communities with
increasing intensity of P. falciparum transmission. Reproduced with permission from Elsevier (The
Lancet 1997; 349(9066):1650-1654).23
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Variation in Case Fatality of Severe Malaria with Transmission Intensity
As outline above cerebral malaria is associated with a case fatality rate that is 2-3 times that

of severe anaemia.41,42 In areas of high transmission, severe anaemia among infants and young
children dominates the clinical picture of severe malaria, and this is also reflected in commu-
nity surveys where anaemia, particularly at high transmission, is strongly age-dependent.50 In
areas of low, and especially seasonal, transmission cerebral malaria becomes relatively more
common although comparisons of the incidence of cerebral malaria between sites are compli-
cated by the lack of a uniform definition and that the cerebral manifestations of malaria are due
to a variety of pathological processes.51 A consistent and related finding is that within any given
area the age of children with cerebral malaria is older than that of children with severe
anaemia.23,48,52-54

The above would suggest that case fatality rates due to severe malaria is likely to increase
with age and/or falling transmission intensity but there are few data to confirm this. Data from
surveillance of 9,300 admissions to 10 hospitals in sub-Saharan Africa collected between 1990
and 1997 (Fig. 3) suggest high fatality under the age of 6 months (an age under which severe
malaria is relatively uncommon), relatively low case fatality around the age of 1 year and a
subsequent progressive rise.55

All-Cause Child Mortality and Transmission Intensity
If the incidence and case fatality of severe malaria reach a plateau, or even decline, with

increasing transmission then it follows that partial control of malaria in areas of high transmis-
sion will not result in long-term gains. However, this conclusion may well not be valid for
primarily two reasons.

Firstly, hospital admission rates on which the above conclusions are largely built may be
biased towards illness in older children who are more able than infants to draw attention to
their symptoms, especially if these relate to the insidious onset of severe malarial anaemia.
Secondly, malaria may be an important indirect cause of mortality, i.e., intense transmission
leads to a state of chronic or frequent parasitisation that increases the risk of death in young
children from a variety of causes.8,53,56 The evidence for this is that in controlled trials of
ITNs57 and chemoprophylaxis58 all-cause mortality was reduced by about twice as much as
would be expected from baseline estimates of malaria-specific mortality. Historical declines
in all cause mortality associated with ‘pseudo-eradication’ of malaria in Sri Lanka were also

Figure 3. Age-specific case fatality rates of 9,300 paediatric admissions for malaria to 10 African hospitals.
Reproduced with permission from: Marsh K, Snow RW. Malaria transmission and morbidity. Parassitologia
1999; 41(1-3):241-246, ©1999 Lomardo Editore.
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greater than expected from known malaria-specific mortality, even after allowing for the
existing background trend in falling mortality associate with development.59-61 The indirect
contribution of malaria to all-cause mortality is likely to be mitigated by the fact that in high
transmission areas, children surviving infancy become more rapidly immune to the direct
effects of malaria.

Malaria as a risk factor rather than a direct cause of mortality is more likely to exert an effect
among young children living at high transmission for several reasons; low birth weight and
neonatal anaemia are both more common in areas of high transmission,62 the risks of anaemia
are maximal in the first year of life for physiological and nutritional reasons, and bacteraemia is
most common among infants under the age of 6 months. These effects will be enhanced by the
fact that signs of illness in young babies are harder to detect than in older children and thus
infants may present later for treatment than older children.

The importance of malaria as an indirect cause of mortality is likely to be reflected in
all-cause childhood mortality. Smith et al have thus examined rates of all-cause mortality among
infants and children age between 12 and 60 months of age recorded from 20 DSS studies since
1980 (Fig. 4). There was a significant variation between infant mortality and EIR, but mortal-
ity in older children varied less and there was no clear trend with EIR.45,63

A similar analysis used of the parasite ratios in children (<15 years of age) categorised into
bands (<25%, 25-50%, 51-74% and >74%) rather than EIR.3 Initial results suggested that at
all transmission settings where the parasite rate was greater than 25% similar levels of mortality
among children under the age of 5 years were experienced. However, a recent extension of this
analysis showed a positive relationship between prevalence and mortality extending to prevalence’s
of 50% though plateauing at the highest prevalences.49

Direct Measures of Effectiveness of Malaria Control on All Cause Mortality
Of 18 controlled trials that have been conducted on ITNs only two have been in areas of

high transmission and in these the protective efficacy appeared lower than in areas of moderate
or low transmission.49,64,65 Lengeler et al have argued for a focus on attributable risk (the
number of lives saved) rather than rate ratios (protective efficacy), and when reanalysed in this

Figure 4. African all-cause child and infant mortality rates by entomological inoculation rate for P. falciparum.
Reproduced with permission from: Smith TA, Leuenberger R, Lengeler C. Child mortality and malaria
transmission intensity in Africa. Trends Parasitol 2001; 17(3):145-149.
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way there was little difference in the number of lives saved among children under the age of 5
years in a wide range of transmission intensities.66

Of more concern is the possibility that in high transmission settings protective efficacy in
older children might decline or even reverse over time.65 However, this has so far not proved to
be the case; in the two studies mentioned above, the gains in mortality that had been made in
the first 1-2 year of the trials were not associated with a rebound in mortality over 6 and 7 years
of follow-up respectively, although these were not in direct comparison with controls.64,67 Re-
cently a more detailed follow-up for 4 years following the end of a 2-year controlled trial of
ITNs in an area of intense perennial transmission in Western Kenya has provided results that
are both reassuring and consistent with analyses of all cause child mortality at varying transmis-
sion. ITNs had a protective efficacy of 22% against all cause mortality in children aged 1-11
months in the intervention villages during 2 years of the trial (but with no effect on mortality
in older children), and throughout 4 years of follow-up there was no evidence of increased
mortality in children aged 1-5 years old (Fig 5).68

The Effect of Transmission Reduction in Areas of Unstable Malaria
The sections above have considered the epidemiology of malaria in areas where transmis-

sion is sufficiently high to induce protective immunity during childhood and the population
burden of disease varies little from year to year.

Malaria epidemics occur where exposure is insufficient to produce a significant population
level of immunity to severe disease and thus an abrupt increase in transmission can result in a
malaria epidemic. However, the pattern of such ‘epidemics’ depends strongly on a variety of
conditions schematically summarised in Figure 6.

The causes of epidemics can be broadly divided into those that result from unusually wet
and warm seasonal rains (e.g., associated with the El-Niño southern oscillation), a gradual
breakdown of successful malaria control strategies or population movement and environmen-
tal change often linked to complex emergencies.

Figure 5. Cumulative probability of all-cause mortality by age for children with up to 4 years of
insecticide-treated bednet use compared with children with no insecticide treated bednet use from synthetic
cohorts of summed age-specific death rates. Reproduced with permission from: Lindblade KA, Eisele TP,
Gimnig JE et al. Sustainability of reductions in malaria transmission and infant mortality in western Kenya
with use of insecticide-treated bednets: 4 to 6 years of follow-up. JAMA 2004; 291(21):2571-2580.
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Epidemics are inherently unpredictable in frequency duration and severity and for these
reasons it is difficult to make confident statements about their likelihood following malaria
control. Up to 25% of the population in Sub-Saharan Africa lives in epidemic prone areas69

and very few of these are the result of deliberate malaria control activities; conversely, most
areas where malaria was eradicated have not experienced epidemics. However, a minority of
epidemics are the result of malaria control activities whose effectiveness has broken down.
Examples are the severe epidemics in Sri Lanka, India and the highlands of Madagascar follow-
ing the breakdown of residual spraying in the 1960s.70

Whatever the underlying cause, malaria epidemics have, to at least some extent, certain
characteristics in common. Firstly, all ages tend to be affected, although children often have the
highest case fatality suggesting that immunity to the most severe forms of malaria may be
acquired after relatively few infections and may be retained for many years.71 Secondly, health
services are often overwhelmed and case fatality is often significantly higher than in areas of
stable transmission.70 Thirdly, there is often significant disruption of local infrastructure with a
consequent reduction in the capacity to make a prompt and effective response.72,73

The increased vulnerability of pregnant women to malaria varies in its manifestations be-
tween stable endemic and unstable transmission areas. In areas with stable endemic malaria the
risk of severe malaria and low birth weight are generally confined to the first pregnancy while in
low transmission areas this risk continues into subsequent pregnancies.74 Premature delivery is
more common in epidemic prone areas while intra-uterine growth retardation is more com-
mon in areas of stable transmission.75

The epidemiological consequences of reducing P. falciparum transmission through the use
of transgenic mosquitoes in areas of low transmission are still unclear. If there is an influx of
infectious human hosts then refractory mosquitoes would abrogate the spread. However, if
there is a recovery or reintroduction of a efficient vector then epidemics seem likely, as for

Figure 6. Classification of major epidemic types. The top panel shows the pattern of cases in a true epidemic,
the middle panel shows how cases may occur in epidemics caused by unusual seasonal transmission and the
bottom panel shows epidemics caused by a neglect or breakdown in malaria control and/or population
movements. Reproduced with permission from: Roll back malaria: Report of technical working group on
the prevention and control of malaria epidemics. WHO/CDS/RBM/2002.4.
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example seen in the resurgence in An. funestus which was implicated as the reason for malaria
epidemics in the Madagascan highlands.72

In low transmission settings new tools are emerging to monitor trends in malaria and to
provide early warning of epidemics. In the presence of a large number of uncertainties regard-
ing the long term effectiveness of transgenic mosquitoes it is particularly important to use these
methods of monitoring and epidemic early warning for extended periods in areas where they
are deployed.73,76,77

Conclusions
What can be concluded from the existing data on the likely effect of reducing transmission

intensity of P. falciparum in Africa?
• Firstly that reducing malaria transmission will result in reductions in the incidence of both

nonsevere, severe and fatal malaria in the short term. (i.e., 1-2 years following malaria
control) and that these reductions are sustained among infants.

• Secondly, reductions in the transmission intensity of P. falciparum are likely to achieve the
greatest relative reduction in severe and fatal malaria in areas of low and moderate transmis-
sion intensity. However, the number of lives saved through such reductions (attributable
mortality) is likely to be similar over a wide range of transmission settings.

• Thirdly that the evidence for rebound mortality among older children following reductions
in transmission is derived from hospital-based studies which is not entirely consistent with
comparisons of all cause mortality following reductions in transmission. The explanation is
likely to be due to the tendency of hospital based data to under-estimate the burden of
malaria in infants compared to older children, and by a significant degree of indirect mor-
tality due to malaria in high transmission settings.

• Fourthly that reducing transmission intensity in low transmission areas will require addi-
tional efforts for long term monitoring for epidemics.

It is obviously essential that public health measures such as reductions in the transmission
intensity of P. falciparum are evaluated for their costs and benefits, and particularly for any
potential for long-term harm. Such a process continues with respect to malaria, but over the
last few years a broad consensus has been reached of the benefits of deploying the available
means, and to actively seek new means, to reduce transmission of P. falciparum.

The novelty of GM mosquitoes as a tool to reduce malaria transmission highlights the
particular need to ensure that close and sustained monitoring following their introduction.
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Abstract

Initial scepticism about the ecological feasibility of the genetically modified mosquito (GM)
approach for malaria control1,2 has been supported by some recent experimental studies
indicating that the insertion of transgenes, including those that induce refractoriness to

malaria, confers a fitness cost to mosquitoes.3-5 However, consideration of the possible fitness
advantages of not becoming infected is also required to evaluate the net fitness of transgenic
mosquitoes when introduced into natural populations. Therefore knowledge of whether ma-
laria parasites are virulent to their vectors, and if so, to what magnitude, has direct relevance for
forecasting the success of the GM approach. Here we summarize all known detrimental effects
of malaria parasites on their mosquito vectors, and discuss their implications to the introduc-
tion of malaria-refractory genes in nature. Furthermore we review the mode of action by which
transgenes generate refractoriness, and speculate on the evolutionary responses of Plasmodium
to this killing mechanism. Finally, the virulence implications of current candidate GM
phenotypes, both to mosquitoes and humans, are discussed.

Introduction
Initial scepticism about the ecological feasibility of the genetically modified mosquito (GM)

approach for malaria control1,2 has been supported by some recent experimental studies indi-
cating that the insertion of transgenes, including those that promote resistance to malaria (Plas-
modium sp.), confers a fitness cost to mosquitoes.3-5 This suggests that the GM approach would
have limited epidemiological impact, as the genes carrying refractoriness may not reach suffi-
ciently high prevalence in vector populations to reduce disease transmission (see Box 1 for a
description of the epidemiological impact of GM). Some argue that the low fitness of GM
mosquitoes need not impede the spread of the refractory genes they carry as long as they are
linked to an efficient genetic drive mechanism.6 Certainly genetic drive will increase the rate of
gene invasion, but only if a sufficiently high number of inseminations occur in the first place;
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which may not happen if the fitness costs of refractoriness are very high. Furthermore, given
that no appropriate drive mechanism has yet been identified, and that the ability to tightly link
an immune effector gene to a drive mechanism is in question,7,8 the importance of mosquito
fitness to GM control remains paramount.

However, by evading Plasmodium infection, GM mosquitoes would avoid one potential
fitness cost to which wild-type mosquitoes are vulnerable. If Plasmodium prevalence and the
cost of becoming infected is sufficiently high, it is possible that fitness benefits from never
becoming infected could partially compensate for those associated with engineered refractori-
ness, and increase the likelihood of these genes invading wild mosquito populations. The term
refractoriness implies resistance to infection, which in the case of GM mosquitoes can include
both the total inability to develop any parasites (infection blocking), or a reduced probability
of acquiring infection and harbouring high parasite burdens (infection reducing). In practice,
refractoriness means only a reduced probability of infection and lower parasite burdens, as
none of the transgenically-refractory mosquito strains currently available are completely resistant
to Plasmodium.9,10 If malaria parasites are virulent to their vectors, as defined by a reduction in
fecundity and/or survival accompanying infection, it is possible that the fitness advantages of
avoiding infection could help refractory genes invade into mosquito populations. Theoretical
models illustrate that at least in principle, the rate at which refractory genes spread through a
mosquito population should increase with parasite virulence.6 This is because as a parasite
becomes increasingly harmful to its host, the fitness benefits of enhanced resistance are greater.
Knowledge of whether malaria parasites are virulent to their vectors, and if so, to what magni-
tude, thus has direct relevance for forecasting the success of the GM approach.

In addition to its epidemiological relevance, knowledge of parasite virulence in mosquitoes
is critical for prediction of the direction under which malaria parasites could evolve under GM
pressure. Parasites and their hosts are locked in a co-evolutionary battle where resistance on the
part of the host is continually broken down by new invasion strategies on the part of the
parasite.11 To date, most studies investigating the efficacy of malaria refractory genes have
considered their ability to block only one parasite genotype from developing in one mosquito
genotype, with the average efficiency of resistance genes within genetically diverse populations
being unknown. Studies of drug resistance in human populations, and insecticide resistance in
mosquitoes, indicate that both malaria parasites and their vectors harbour extensive genetic
diversity, and can mount rapid evolutionary responses to control measures. Thus it is likely that
Plasmodium could evolve to circumvent the defences of a refractory mosquito within a short
period of time. The consequences of resistance evolution could be considerably more severe
than simple erosion of GM control efficacy if this process generates selection for parasites that
are not only more virulent to mosquitoes, but also to humans. Here we summarize all known
detrimental effects of malaria parasites on mosquitoes, and discuss their implications to the
introduction of malaria-refractory genes in nature. We focus both on the epidemiological im-
portance of Plasmodium virulence to mosquitoes to a GM strategy (e.g., is there a fitness cost to
infection that would be avoided in refractory mosquitoes?), and discuss possible downstream
evolutionary consequences for both vectors and humans should the strategy be successful.

Are Malaria Parasites Virulent to Their Vectors?
There is a long-standing assumption that parasites should evolve towards avirulence in their

vector in order to increase their chance of being transmitted before vector death. However,
most vector-borne parasites replicate within their vector, a process that may necessarily inflict
some degree of virulence.12 Plasmodium requires at least 10 days of growth within the Anopheles
mosquitoes that transmit it before it can re-infect a new vertebrate host. During this period,
parasites sexually reproduce, undergo four distinct life-history transitions (gamete, ookinete,
oocyst and sporozoite) and can multiply more than 1000-fold.13 It is possible that this process
consumes mosquito resources or causes damage that results in a net decrease in lifetime fitness.
This virulence could be manifested either as a reduction in mosquito fecundity or longevity.
From an epidemiological perspective, the latter is deemed to have a more dramatic effect on
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parasite transmission than the former because small decreases in mosquito survival strongly
reduce parasite transmission opportunities,14 whereas a drop in mosquito fecundity does not.15

Evidence indicates that Plasmodium can reduce both the fecundity and survival of its vector.

Survival
Ferguson and Read16 conducted a meta-analysis of laboratory studies in which mosquitoes

were experimentally infected with malaria, and their subsequent survival monitored. Of 22
studies reviewed, the proportion reporting a detrimental effect of Plasmodium was similar to
that for which no effect was found (41% vs. 59%). For all accounts of reduced survival to have
arisen by chance alone (Type 1 errors), there would need to be about 360 unpublished studies
with null results, as well as nine showing increased survival. Given the experimental effort
involved in survival studies, and the novelty of showing that malaria is a longevity-enhancer,
this degree of under reporting seems unlikely. Survival reduction, thus, appears to be a genuine
although not universal outcome. This analysis indicated that observations of virulence were
linked to experimental design, with reduced survival being much more likely in studies using
unnatural vector-parasite associations, and in those that monitored survival until the sporozo-
ite stage of parasite development and beyond (Table 1). These results appear to support the
notion that Plasmodium is harmful only in novel vector species, an idea frequently proposed to
explain the lack of virulence in studies of natural infections.17,18 However, as studies of unnatu-
ral vector-parasite associations lasted longer than those of natural combinations (mean (± s.e.m):
35.9 ± 7.1 versus 15.1 ± 3.3 days respectively), and study length influences virulence detection,
no firm conclusions about the role of co-evolutionary history were possible.

More realistic estimates of malaria parasite virulence in mosquitoes would be obtained
from direct observations in the field, where indirect costs of infection such as susceptibility
to predation and anti-vector behaviour could be incorporated. However, these data are diffi-
cult to obtain as it is unethical to carry out mark-recapture experiments on experimentally
infected mosquitoes. Some indirect evidence that free-living mosquitoes pay a survival cost
from infection comes from the observation that sporozoites are unusually rare in large-bodied
mosquitoes,19 an observation interpreted as proof that mosquitoes with high parasite loads
(most likely to be large mosquitoes as they take the biggest blood meals) suffer high mortal-
ity. However, large-bodied mosquitoes also have more effective immune responses (as shown
for melanisation),20,21 a phenomenon that could also explain the reduced sporozoite preva-
lence in this group. In contrast, Lines et al22 interpreted the linear relationship between

Table 1. Mean effect sizes (r) of Plasmodium on mosquito survival (calculated using
the program METAWIN)77 derived from meta-analysis of 11 laboratory
studies  (summarizing 24 experiments) described by Ferguson and Read16

Sample Mean r 95% CI of r N

All experiments 0.287  0.136—0.470 24
Studies (experiments pooled within a study) 0.259  0.102—0.447 11
Experiments of natural associations 0.061 -0.004—0.170 9
Experiments of nonnatural associations 0.436  0.201—0.705 13
Experiments ending before sporozoite invasion 0.129  0.055—0.218 10
Experiments ending after sporozoite invasion 0.395  0.147—0.664 14

If there was no effect of malaria infection on longevity, effect size would be zero; positive effect sizes
indicate mortality was increased by infection. Confidence intervals (CI) were obtained by bootstrapping.
Statistical analysis was conducted on Z-transformed values of r. Reprinted from: Ferguson HM, Read
A. Why is the effect of malaria parasites on mosquito survival still unresolved? Reprinted with
permission from Trends in Parasitology 18:259. ©2002 Elsevier.



Genetically Modified Mosquitoes for Malaria Control106

mosquito sporozoite prevalence and age as indirect evidence that malaria parasites do not
reduce the survival of their vectors under natural conditions. Thus few firm conclusions can
be drawn about the ubiquity of Plasmodium-imposed survival reduction in the field.

Fecundity
In contrast to investigations of mosquito survival, evidence that Plasmodium reduces vector

fecundity is clear. To our knowledge, every study that has looked for a detrimental effect of
Plasmodium on mosquito fecundity has found it. These studies involved a range of parasite-vector
associations observed under both laboratory23-31 and field conditions.18 Typically these reduc-
tions result in a drop of egg production (following an infected meal) of approximately
15-35%.15,28,30-32 Not only do mosquitoes produce fewer eggs after taking an infectious blood
meal, but whilst they are infected with oocysts, the eggs they produce from uninfected blood
have lower vitellin content and hatch rates than those produced by uninfected mosquitoes.25

Genetic and Environmental Determinants of Plasmodium
Virulence in Vectors

Plasmodium virulence in mosquitoes could only be expected to evolve towards an optimum
if it had a parasite genetic basis. If, for example, the fitness consequences of vector-parasite
interactions were wholly phenotypic and determined solely by the particular details of the
(often variable) environmental setting, evolution towards a virulence optima would not occur.
However, recent laboratory studies of the rodent malaria P. chabaudi indicate that parasite
genotype is a determinant of the magnitude of infection-induced reduction in both mosquito
survival and fecundity.31-33 Plasmodium virulence also depends on vector genetics, with parasites
causing varying levels of harm to mosquitoes of different genotypes.28 Superimposed upon
these genetic determinants of virulence is environmental variation, which can also influence
the magnitude of mosquito fitness reduction. One study showed that the most deadly Plasmo-
dium genotype to mosquitoes under nutrient stress become the most benign when conditions
were ideal,33 whilst another found that parasite genetic differences in virulence were maintained
under environmental variation.32 Thus environmental conditions may mediate parasite
genetic determinants of virulence, but do not appear to diminish them entirely. To definitively
predict whether GM mosquitoes would benefit by avoiding parasitism, there is a need to mea-
sure the average virulence of malaria parasites in a range of mosquito genotypes.

Mechanisms of Parasite Virulence in Mosquitoes:
Will Refractory Genes Block Them?

Understanding how virulence in mosquitoes could evolve under a GM strategy, requires
knowledge of the basis of the fitness costs described above, and contemplation of whether the
factors that drive them are likely to change under a control measure which manipulates mos-
quito immunity. Also, to predict whether GM mosquitoes would escape the costs of virulence
requires knowledge of the efficiency with which they block infection. Currently the two stron-
gest candidate refractory genes are those triggering expression of the peptides SM19 and PLA2.10

Respectively, SM1 and PLA2 have been shown to reduce oocyst infection rates by 50-60%,
oocyst intensity by 81-87%, and substantially cut the proportion of hosts that sporozoite-carrying
mosquitoes infect.9,10 However, neither peptide generates a complete transmission-blocking
response. New approaches designed to transgenically upregulate the natural immune responses
of mosquitoes instead of introducing a novel refractory gene have produced even less successful
results, with only oocyst number but not infection rate being reduced.34 Thus GM mosquitoes
are not consistently parasite-free, they just have a lower probability of getting infected and
harbouring high parasite burdens.

Many hypotheses have been proposed to explain the proximate causes of Plasmodium viru-
lence in mosquitoes, although few have been tested. First of all, virulence could be a product of
the physical damage parasites are known to inflict as they pass through the mosquito midgut,
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resulting in host cell apoptosis.35-37 If this damage is the main cause of virulence, refractory
genes could substantially reduce pathology by reducing the number of parasites that pass through
the midgut. Virulence could also be the product of competition between mosquito tissues and
growing parasites for limited energetic resources; and if so, refractory mosquitoes would again
escape the cost of virulence by having smaller parasite burdens. However, resource competition
is an unlikely cause of virulence. Less than a third of the energetic content in a blood meal is
used for oogenesis,15,38 thus protein for egg production should not be limiting even in the
presence of Plasmodium. More critically, under resource limitation, the more parasites infect-
ing a mosquito, the fewer eggs they should produce. No such relationship has been found.15,31,32

The picture for survival is less clear, with mortality increasing with oocyst burden in some
studies26,27,32,39 but not others.33,40 A further energetic explanation for the virulence of Plas-
modium in mosquitoes is that it is not the parasites themselves that are harmful, but that
infected blood is of poor nutritional quality. However, there appears to be no straightforward
relationship between blood infection status and the amount of protein mosquitoes derive from
it.15 Mosquitoes have been found to take smaller blood meals from infected hosts,26 but the
extent of fecundity reduction amongst infected mosquitoes has been linked to blood meal size
in only one study,31 and not others.26,32 The extent to which Plasmodium virulence in mosqui-
toes can be attributed to variation in blood meal size and quality is thus unresolved.

An additional potential explanation for the virulence of Plasmodium is that they elicit a
costly immune response in mosquitoes. Mosquitoes are capable of mounting a diverse array of
immune responses when invaded by pathogens.41,42 Plasmodium infection triggers transcriptional
activation of at least 6 different immune markers in An. gambiae, particularly when parasites
are invading the midgut and salivary glands.43 The production of these immune molecules
could be energetically costly, and divert resources away from maintenance and reproduction.44

Moreover, costs could also accrue if immunopathological damage occurs, as it almost always
does in mammalian disease.45 Some mosquitoes kill oocysts by melanotic encapsulation,42 and
one experimental study has shown that mosquitoes with the strongest encapsulation response
have the highest mortality.46 Furthermore, mosquitoes selected to be refractory to Plasmodium
(through encapsulation of parasites) have poorer fitness than susceptible mosquitoes in the
absence of infection.47 If immune activation is costly (and of low efficacy) and the intensity of
response is independent of parasite burden (as in ref. 44), it could explain why infected mos-
quitoes have reduced fitness. Unfortunately it has not yet been possible to test this hypothesis
due to the difficulty of disentangling any costs resulting from direct parasite development from
those generated by host immune activation. The prospect that Plasmodium virulence in mos-
quitoes is purely due to immune activation is problematic for the GM approach. It sug-
gests that genetically refractory mosquitoes will receive no additional benefit from avoiding
infection because their engineered phenotype (high immune responsiveness) is what causes
Plasmodium to be virulent in the first place.

Evolution of Parasite Virulence in GM Mosquitoes

Selection Pressure on Transmission Selects for Higher Parasite Virulence:
The Trade-Off Model

In recent years evolutionary biologists have devoted much attention to exploration of the
conditions under which inflicting virulence may increase the transmission success and thus
fitness of parasites.48-52 The most dominant paradigm for virulence evolution is the trade-off
model. The trade-off arises from the parasite’s drive to maximize its multiplication rate in order
to increase the number of propagules it can transmit without causing host death (and thus the
truncation of transmission).53 Critical assumptions of this model are that there is a genetic
correlation between a parasite’s multiplication rate and transmission success, and between mul-
tiplication rate and the risk of host death.49,50,53 These predictions remain untested for the vast
majority of infectious diseases, and the generality of the trade-off model remains contentious.54
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However, there is now ample evidence to suggest it does hold for Plasmodium in its vertebrate
host.53 Detailed studies of both rodent and avian malaria parasites indicate that the number of
transmission stages they produce in vertebrate blood increases with the rate of asexual parasite
replication, and that asexual densities are correlated with host morbidity53 and/or mortality.53,55

Field data from the human malaria parasite, P. falciparum, are also strongly supportive.53

Do the Assumptions of the Virulence Trade-Off Model Apply
in Malaria-Infected Mosquitoes?

In order to use the trade-off model to predict how parasite virulence in mosquitoes could
evolve under GM pressure, it is necessary to evaluate if the trade-off appropriately describes the
interaction between Plasmodium and their vectors. The first assumption of the trade-off model,
that parasite multiplication rate is correlated with transmission potential, may not hold in
mosquitoes. Within mosquitoes, Plasmodium multiplies as sporozoites that grow in oocysts
before being released into the haemolymph and invading the salivary glands.13 Sporozoites are
injected into humans when infected mosquitoes blood feed. The number of sporozoites pro-
duced by individual oocysts of the human malaria P. falciparum ranges from 1000-4500,56

with 10 ->130,000 ending up in the salivary glands of common African malaria vectors
(geometric mean <1000).13 Despite the fact that most oocyst infections generate thousands of
sporozoites, only a small number (<25) are transmitted to a vertebrate host on biting.13 In
vitro, there appears to be no relationship between sporozoite load in salivary glands and the
number that are transmitted upon biting.57 However, in vivo studies give some evidence that
the number of sporozoites transmitted during feeding increases the likelihood of infection.58

Thus mosquitoes that inject high numbers, possibly as a result of having had a high replication
rate with oocysts, may have a transmission advantage. A further complexity is that mosquitoes
are frequently infected with several genetically distinct parasite genotypes; it seems likely that
the frequency of individual genotypes within the sporozoite population will determine geno-
type fitness, as well as or in addition to numbers per se. Further research into the factors that
mediate the transmission rates of individual genotypes to the vertebrate host, and particularly
the effects of genotype multiplication rates in mosquitoes, is required. One transmission
advantage of high sporozoite replication is that, at least in rodent models, they are associated
with high per-sporozoite infectiousness.58 Little is known about the cause of this
density-dependent infectiousness, or whether it is a general phenomena of all malaria parasites.
This phenomenon represents the strongest evidence for a positive association between Plasmo-
dium replication in mosquitoes and transmission success as required by the trade-off model.

As for the second requirement that parasite replication increases vector mortality, evidence
is mixed. Mosquito mortality increases with oocyst density in some26,27,32,39 but not all
studies.33,40 To our knowledge, there has been no investigation of the relationship between
sporozoite load in mosquitoes and mortality. Mosquitoes infected with sporozoites probe hosts
more often,59 are more persistent in returning to hosts after being disturbed,60 and bite more
people61 than their uninfected counterparts. These behaviours could enhance parasite
transmission success by increasing encounter rate with susceptible hosts, but may also increase
mosquito exposure to anti-vector behaviour and thus their risk of death62,63 (which may ex-
plain the observed increase in feeding-associated mortality in sporozoite infected mosquitoes).64

Thus parasite-associated changes in feeding behaviour could generate the negative correlation
between parasite replication and vector mortality required to substantiate application of the
trade-off model of virulence evolution.

Further investigation of links between Plasmodium virulence in mosquitoes and transmission
back to vertebrates is required before the relevance of the trade-off model can be evaluated.
However, this preliminary discussion gives some evidence that the critical assumptions of this
model may be met, and thus that virulence in mosquitoes could evolve under a control strategy
in the same direction as predicted from the trade-off for Plasmodium in humans (e.g., ref. 65).



109Malaria Parasite Virulence in Mosquitoes and Its Implications

Parasite Virulence Evolution in Response to Manipulation
of Host Immunity

Many disease control measures aim to enhance host resistance, for instance by vaccination
or, in the case of agricultural animals, by selective breeding. Enhanced resistance will have a
substantial impact on pathogen fitness. One evolutionary response which could occur is selec-
tion for variants that are able to evade these responses. The existence of Plasmodium strains
which might evade mosquito immune recognition systems or be more resistant to the effectors
produced by GM refractory genes is an important consideration, but beyond the scope of this
chapter. Here, we discuss another possibility: in some cases, enhanced resistance can be ex-
pected to select for more virulent (aggressive) parasites.

Gandon et al66 have recently made the following argument in the context of immunisation
against human malaria. If more virulent Plasmodium parasites are removed by natural selection
because they cause excessive host mortality and thus reduce their own fitness, keeping hosts
alive with vaccines will allow more virulent strains to circulate in a population. This
argument assumes that in the absence of host death, more virulent parasites transmit at higher
rates, so that host death is the selective factors which stops the evolution of more virulent
strains.

There is nothing in the mathematics of this argument which restricts it to vaccination. The
key issue is the impact of resistance on the relative fitness of virulent and avirulent pathogens—
however that resistance is generated. The argument thus applies to genetic resistance,66,67 and
here we ask how GM refractoriness in mosquitoes might impose selection for virulence evolu-
tion in Plasmodium. A key issue is the mode of action of the refractoriness.

Gandon et al65 argued that there are four distinct types of disease resistance which are
relevant to virulence evolution: (1) anti-infection, which reduces the probability of a host be-
ing infected, (2) anti-growth, which reduces the growth rate of malaria parasites within a host,
(3) transmission-blocking, which reduces the infectiousness of an infection, and (4) anti-toxin
resistance, which reduces the virulence of infection with no impact on the kinetics of infection.
If resistance is sterilising (reduces transmission to zero), pathogen evolution cannot occur.
However, if resistance is leaky, so that transmission is occurring, virulence evolution can occur.
How it does so depends on which types of resistance are involved. Anti-growth and anti-toxin
favour more virulent parasites strains, because they reduce host death and hence the fitness
costs of virulence. In contrast, infection- and transmission-blocking resistance will not increase
virulence. When these types of resistance are effective, the hosts are evolutionarily dead-ends;
when they are not effective, the relative fitness of virulent and avirulent strains are unaltered, so
that there is no selection in favour of greater resistance. In fact, transmission- or infection-blocking
resistance can prompt mild reductions in virulence where within-host competition is affecting
virulence evolution, if they reduce the number of competing genotypes.65

What Type of Host Resistance and Associated Parasite Evolution Could GM
Mosquitoes Induce?

In essence, the GM approach is analogous to a vaccination programme for mosquitoes: an
intervention aimed at cutting transmission by boosting the immunity of the mosquito host so
it has a reduced probability of infection. To predict whether malaria parasites will evolve greater
virulence in a population of GM mosquitoes requires identification of the mode of action of
refractory genes. It is clear that current genetic constructs for refractoriness (e.g., AM1 and
PLA2) cut infection, but we do not yet fully understand how they do this. It could be that they
reduce the fertility of gametes or their ability to traverse the midgut, which would constitute
anti-infection resistance, or they could lower the replication rate of sporozoites inside oocysts,
which is anti-growth resistance. If some of the refractoriness conferred by these constructs or any
developed in the future is partly anti-growth resistance, then the models of Gandon et al65

apply: GM mosquitoes will prompt the evolution of strains which are more virulent to wild
type mosquitoes. This argument assumes that the reason Plasmodium is not already more
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virulent to mosquitoes is that by killing their vector at higher rates, more virulent parasites
have reduced fitness. Hence, if refractory genes enable mosquitoes to survive infections
better, virulent strains that would have had lower fitness in a wild type mosquito are able to
circulate in a GM population.

Such virulence evolution would reinforce the efficacy of GM mosquitoes as a means of
malaria control. Higher parasite virulence would mean that fewer wild type mosquitoes would
survive long enough to transmit malaria, thus reducing malaria transmission rates from wild
type mosquitoes (see Box 1). It is difficult to predict how strong this evolutionary reinforce-
ment would be, or how long the evolution would take to be detectable. In general models,
there are regions of parameter space where near instantaneous evolutionary change is possible66

other models suggest change could be in the order of a few decades or longer.65 The more
effective the refractoriness genes are, and the higher the frequency of GM mosquitoes in a
population, the stronger the selection for virulence increases will be, but there will also be fewer
malaria-infected wild type mosquitoes in which transmission-reducing effects of the virulence
evolution accrue. Detailed models, parameterised for particular populations, will be needed to
estimate the extent to which GM-prompted virulence evolution could contribute to reducing
malaria transmission over and above that due to the immediate epidemiological effects of higher
frequencies of refractory mosquitoes.

GM-induced refractoriness which is infection- or transmission-blocking will not prompt
virulence evolution,65 and would probably weaken any selection for virulence increases
imposed by anti-growth or anti-toxin refractoriness. However, a further complexity would
arise if, in genetically diverse malaria infections within mosquitoes, virulence schedules
of individual genotypes effect the fitness of other genotypes. Such interactions seem likely: a
clone highly virulent to mosquitoes is likely to reduce the longevity of any less virulent infec-
tions in the same mosquito. If they do occur, then infection-blocking refractoriness will reduce
the genetic diversity of infections in mosquitoes, thus reducing in-host competition and select-
ing for parasite strains which are less virulent to mosquitoes. In principle, this evolution could
lead to infected mosquitoes living for longer, and hence more malaria transmission. This would
erode the efficacy of malaria control via GM mosquitoes, althought the analogous effect in the
vaccine case was relatively weak65 (albeit with only a very limited range of competitive
interactions modelled). Again, without parameterised models it is difficult to know how the
epidemiological and evolutionary effects of refractoriness would combine to determine overall
malaria transmission rates.

Could Plasmodium Virulence Evolution in Mosquitoes Impact
Human Health?

The above arguments suggest that virulence evolution in mosquitoes is unlikely to reduce
the efficacy of a GM control strategy, and could possibly enhance it. Does this mean
Plasmodium virulence evolution in mosquitoes holds no detrimental consequences for public
health? One disturbing possibility is that selection towards increased Plasmodium virulence in
mosquitoes imposed by GM control would also give rise to parasite strains that are more viru-
lent to humans. For example, the enhanced but incomplete immunity of GM mosquitoes
could create selection for increased infectiousness, possibly by producing higher parasite bur-
dens in humans in order to deliver a sufficiently large number of gametocytes in a blood meal
to ensure some survive through the more intense immune response of a GM mosquito. In
general, the ability of malaria-infected hosts to infect mosquitoes increases with their gametocyte
density,53 although high gametocytes densities do not always result in high mosquito infection
rates68,69 and other factors may play important roles.70 Evolution towards increased gameto-
cyte density would only be expected to occur if genetically-engineered refractoriness could be
overcome simply by swamping the mosquito immune system with greater numbers of para-
sites, a hypothesis that has not been tested.
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Box 1. Basic reproductive ratio with genetically modified mosquitoes

The mathematical study of malaria epidemiology began with Ross (1911)78 who showed that there
is a critical density of mosquitoes below which transmission can be eliminated. This result is of
paramount importance because it proves that the burden of malaria can be reduced by fighting
mosquitoes. A few decades later, the further mathematical developments of Macdonald79,80 led him
to devise a transmission measure known the basic reproductive ratio, R0, which is the expected number
of secondary malaria infections resulting from a single case breaking out in an uninfected host
population. This famous quantity is particularly useful because it summarises the whole parasite life
cycle and can be used to evaluate the degree by which mosquito and parasite parameters must be
altered to cause eradication (eradication is feasible when R0 can be reduced below 1). In particular this
quantity helped Macdonald to identify the most vulnerable element in the malaria cycle: the
survivorship of adult female Anopheles. Macdonald suggested that ‘the worst conditions known in
Africa could therefore be overcome by an increase in the daily mortality of the vector from about 5%
to about 45%.79 This provided the rationale for campaigns of eradication based on the use of DDT. This
strategy did not yield world-wide eradication, but it did help reduce prevalence temporarily and
regionally (malaria has been eradicated from several countries).

In a simple model (here we assume homogeneous mixing and fixed densities of humans and
mosquitoes), the basic reproductive rate of malaria under a GM strategy can be defined as follows:
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where:
a: biting rate of mosquitoes on humans
m: total number of mosquitoes per human host
p: proportion of mosquitoes that are genetically modified (GM) to be refractory
bH,b'H: transmission rate from infected humans to uninfected wildtype and GM mosquitoes
bV,b'V: transmission rate from infectious wildtype and GM mosquitoes back to uninfected humans
dH,dV,d'V: intrinsic death rate of humans, wildtype and GM mosquitoes respectively
vH,vV,v'V: malaria virulence in humans, wildtype and GM mosquitoes respectively
T,T': development time of the parasite in wildtype and GM mosquitoes

Note that, for the sake of simplicity, intrinsic death rates (dV,d'V) and virulence (vV,v'V) are assumed to
be constant throughout the development of malaria in infected mosquitoes (no differences between
infectious and infected but not yet infectious mosquitoes).

The above expression can be used to quantify the effects of various properties of GM mosquitoes
(denoted with primes) on R0 and, therefore, can be used to predict the potential success of different GM
strategies. It illustrates that maximal reduction of R0 requires both (1) increasing the relative abundance
(p) of GM mosquitoes and (2) reducing the vectorial capacity of GM mosquitoes
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Currently, attempts to reduce vectorial capacity have been based on increasing the immune
response of GM mosquitoes to malaria. Additionally, we note, that if a sufficiently high number of GM
mosquitoes could be introduced into a population (p), another potential means to reduce vectorial
capacity would be to make them extra sensitive to parasitism so that they died before becoming
infectious; or simply increasing their instrinsic mortality rate so that none of them survived the parasite’s
development period. In other words, the vector population would be replaced not by immune
mosquitoes, but by ones unable to support parasite development because of poor survival.

Box continued on next page
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More generally, should we expect selection for increased virulence in one host to generate a
correlated response in another? This depends on the genetic correlations between the factors
that underlie virulence in both hosts (e.g., high parasite burdens).71 Studies of schistosomes
indicate that strains most deadly to their intermediate snail host (characterized by low
replication rate) also elicit the most harm in their vertebrate host (where their replication rate
is high),72 and moreover that selection for increased parasite replication in snail host generates
a correlated drop in virulence in both hosts.73 Thus, virulence in the two hosts is apparently
positively and genetically correlated. If this correlation is not eroded by contrasting selection
pressures in different hosts, then selection for increased schistosome virulence in snails would
result in increased disease severity in their vertebrate hosts.

Could this happen in malaria? Studies of the rodent malaria P. chabaudi suggest that disease
severity in mice is positively correlated with mosquito infection rate,32,74 but was not associ-
ated with mosquito survival.32 This study, the only one of malaria virulence in vertebrates and
vectors of which we are aware, suggests there is no link between malaria virulence in vertebrates
and vector mortality. Thus, with the caveat that all available knowledge comes from just one
study of a rodent model, it seems unlikely that any selection for increased Plasmodium viru-
lence in mosquitoes imposed by GM refractoriness will generate a correlated increase in parasite
virulence in humans. More such studies should be undertaken if deployment of GM mosqui-
toes becomes a serious possibility and precaution should be the rule.

Conclusions
As malaria parasites are virulent in their mosquito vectors, the fitness cost to mosquitoes of

refractoriness imposed by transgenesis could in theory be partly eroded by the benefit of not
becoming infected. Unfortunately, the currently best candidate molecules for engineering
refractoriness, SM1 and PLA2, do not completely block transmission but instead reduce parasite
burden. As reviewed above, malaria-induced reductions in mosquito fecundity are independent of
parasite burden, so that mosquitoes with one parasite have the same fitness loss as those that
become heavily infected. This means that unmodified mosquitoes carrying 100 oocysts may
have equal fitness to those carrying refractory genes that only permit the development of only
1-2 oocysts; and thus that there is no substantial benefit to the mosquito of being more resis-
tant. Malaria-induced reductions in mosquito survival may be linked to parasite burdens, so
SM1 and PLA2 could enhance that component of mosquito fitness, although the survival costs
of malaria infection have proven hard to detect and so seem likely to be relatively small.

Box 1. Continued

Increasing the intrinsic mortality of GM mosquitoes (d'V) is analogous to the recommendation of
Macdonald79 but increasing the virulence of malaria on GM mosquitoes would be an original
approach. Neither of these longevity-targeting strategies would work unless GM mosquitoes were
sufficiently abundant to yield immediate epidemiological effects; as in small numbers their survival
disadvantage would only increase the rate at which they were eliminated from populations.

The relative abundance (p) of GM mosquitoes will of course depend on the “release” effort, but also
on the life-history traits of both wild and GM mosquitoes. In particular, note that the above
recommendations based on reducing transmission rates and/or vector survival may conflict with the
goal of reaching a large density of GM mosquitoes. For example, if the resistant GM mosquitoes (b'H,b'V
is low) carry a large cost (for example on fecundity) they will be poor competitors against wild
mosquitoes and will never reach high densities (i.e., p will remain low). Similarly, if GM mosquitoes
are very susceptible to dying from malaria (v'V is high) and if the prevalence of malaria is high, they
will never reach a high density. Analysis of the consequences of modifying these life-history traits of
GM mosquitoes requires consideration of these epidemiological feed-backs.76 Malaria evolution and
adaptation to GM mosquitoes may also introduce other unexpected feed-backs on transmission, as
discussed here and elsewhere.2
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Could reductions in Plasmodium virulence to mosquitoes of the magnitude reviewed here
ever outweigh the substantial fitness costs of becoming refractory?3-5,47 A sceptic would argue
that the cost of refractoriness is always greater than that imposed by Plasmodium, because
otherwise mosquitoes would already have evolved immunity towards malaria parasites. This
may be an overly simplistic view: co-evolutionary dynamics generally favour the partner with
the short generation time (in this case, parasites), and can maintain low virulence even when
the costs of immunity are not high.75,76 Moreover, the efficiency with which natural selection
could act to eliminate Plasmodium susceptibility in free-living vectors may be low given that
only a small proportion (1-2%)13 are ever exposed to infection. Yet under a GM strategy all
mosquitoes in the population would express a refractory gene and thus all would pay for any
fitness cost it carried. This population-level effect could generate more intense and efficient
selection for mosquitoes to lose immunity than Plasmodium generates to develop it. Quantita-
tive analysis based on field-derived estimates of mosquito fitness is required to assess how the
costs of virulence and immunity weigh up before their relevance to GM control can be assessed.

The direction under which malaria parasite virulence in mosquitoes will evolve under a
GM strategy is unknown, and will likely depend upon the type of refractory genes selected for
use and their impact on mosquito fitness. Ideally the widespread application of transgenesis in
vector populations would mimic the impacts of vaccination with an imperfect anti-parasite
growth vaccine; a strategy which the simplest models predict will increase the deadliness of
parasites in nonvaccinated hosts.65 This evolutionary outcome could boost the success of a GM
campaign by simultaneously increasing the proportion of refractory vectors whilst decreasing
the survival of susceptibles. Further experimental and theoretical research into the evolutionary
response of Plasmodium in the face of genetically-engineered immunity is required to evaluate
whether this outcome is possible.
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CHAPTER 10

Thinking Transgenic Vectors
in a Population Context:
Some Expectations and Many Open-Questions
Christine Chevillon,* Richard E. Paul, Thierry de Meeûs
and François Renaud

Abstract

The present chapter tries to place questions regarding the eventual release of transgenic
Plasmodium-resistant mosquitoes within an overall population context. This means a
context that is not limited to selection outcomes regarding the resistance/susceptibility

of the Anopheles targeted by transgenesis, but that also recovers selection outcomes regarding
other traits, demographic outcomes (via the possible number of transgenic mosquitoes to re-
lease), and biodiversity outcomes regarding the vectors and parasites that cocirculate in the
chosen release locality. By considering all these outcomes together, we highlight missing bio-
logical data necessary for any correct quantitative evaluation of the probability of success of a
transgenic release. Qualitative evaluations are nonetheless possible to perform: they suggest
that there is a very weak probability for released transgenic mosquitoes to actually succeed in
modifying malaria transmission. However, the main interest of the present discussion does not
concern these qualitative conclusions. Instead, it highlights the necessary biological knowledge
of malaria for a correct evaluation of the fate and consequences of eventual releases of transgenic
vectors, and more generally of the evolutionary possibilities and constraints of any change in
transmission characteristics. As such, we hope that the present discussion underlines the neces-
sity to address new fundamental questions regarding malaria biology in order to actually cap-
ture the mechanics regulating the evolutionary dynamics of Plasmodium burdens and associ-
ated pathologies.

From the outset, it is assumed that mosquito transgenesis, inducing Anopheles resistance to
Plasmodium infection, becomes sufficiently “routine” such that the major issue would concern
the choice of the candidate to release in order to maximize public health benefit. From then, we
explore the extent to which concepts of population genetics and evolutionary biology may help
in evaluating, or even optimizing, the chance of a successful transgenic release strategy. One
approach would be to develop explicit mathematical models targeting the epidemiological con-
sequences of the vector evolution toward parasite-resistance. This is fruitful1 but requires a
priori assumptions, concerning the estimates taken by several population genetics parameters,
whose biological pertinence may be difficult to evaluate. Thus, we chose an alternative
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approach with the hope of strengthening transdisciplinary discussions regarding the practical
constraints linking transgenic production to release. Therefore, we have tried (i) to clearly
define the population genetics parameters that both determine the fate of transgenic mosqui-
toes in natural populations and are easy to measure in experimental set-ups; (ii) to make ex-
plicit the assumptions hidden behind the structure of population genetics models, and (iii) to
confront assumptions with biological data. Finally, where knowledge is lacking, we have tried
to underline the neglected biological questions that would provide invaluable information.

This framework is applied to three complementary issues that delimit the sections of the
present chapter. The first section is aimed at identifying the early risks of transgene disappear-
ance and the precautions to take in order to minimize these risks. The second section defines
the parameters, accessible to experimental evaluation, that determine the long-term evolution
of the released resistance transgene and their epidemiological consequences under idealized
conditions. We have also tried to show how incorporation of increasing levels of biological
reality may alter conclusions. This enables clear identification of the biological data necessary
for a correct evaluation of the epidemiological consequences of any release of Plasmodium-
resistant mosquitoes. Such requisite data will be confronted with the current knowledge on
malaria biology in a third and final section, exposing several gaps between required and ac-
quired knowledge. Overall, this discussion hopes to highlight, not only the reasons why evolu-
tionary biologists are so skeptic about the public health benefits to expect from transgenic
resistance release, but also the field and experimental studies that we must address in order to
understand the mechanics regulating the evolutionary dynamics of Plasmodium burdens and
associated pathologies.

Transgenic Naturalization: Considerations for Successful Invasion
It was claimed that ‘first transgenics released must be sterile’.2 As a preliminary argument, let us

wipe out a possible confusion between two mutually exclusive processes aimed at modifying
the epidemiology of vector-borne diseases. One strategy was the release of sterile vector males
(possibly resulting from transgenesis, see ref. 2 for review). These sterile males have been hoped
to reduce vector demography through competition between sterile and wild males for wild
females. For this strategy to have an impact, humans should produce and release, at each mos-
quito generation, a number of sterile males that matches that of the wild-type females seeking
a mate, or even higher number if females can have several mates; An. gambiae females mate
more than once,3 and frequently occur in large numbers within populations. Thus, it is not
surprising that this ‘sterile male’ strategy failed when applied to this species complex.4

Examining the potential of releasing Plasmodium-resistant mosquitoes radically changes the
rationale. Indeed, a transgene that confers resistance to Plasmodium infection can be effective if
and only if it is designed to be expressed by female mosquitoes blood-feeding on humans. This
is because only female mosquitoes face infection and they do so while blood-feeding. There-
fore, whenever one considers such a strategy to improve public health, he/she automatically
considers releasing transgenic mosquitoes, of either sex, that will lay fecund transgenic female
descents in nature. If modifying the genetic composition of a vector population and letting
people being bitten by transgenic females raise ethical concerns,2 it is noteworthy that these
concerns are actually inherent to any success using a Plasmodium-resistance release.

But what does determine the probability of success of such a strategy? It depends on the
relative fitness of transgenic mosquitoes and on that of the transgene itself. The fitness of
transgenic relative to wild-type mosquitoes can be measured by their average difference in
offspring number. The fitness of the transgene corresponds to the average number of copies
generated per generation relative to the equivalent average computed for a standard nonselected
(‘neutral’) gene. Equivalence between these fitnesses only occurs when transgene carriers share
the same genetic background as wild-type mosquitoes. This condition characterizes what we
call a ‘naturalized transgene’ (Fig. 1A). Thus, the process clearly discriminates a prenaturalization
period, when the success of the transgenic strategy is almost independent of transgene fitness,
and a post-naturalization period when success is tightly linked to transgene fitness. The case of
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post-naturalization period will be discussed in the section “Evaluating the Chance of Success of
Naturalized Resistance Genes: Formalization and Estimation of the Selective Balance Involved”.

Drift, Inbreeding and Background Selection: The Three Major Risks
in Prenaturalization

The extinction risks that the transgene faces before it achieves naturalization originate from
three properties of any laboratory-strain release (Fig. 1A). First, the relative frequency of the
released transgenic mosquitoes compared to wild-type ones will be relatively low. This not only
opens the road for genetic drift to accidentally clear the recipient population from any transgene
carrier, but also to do it rapidly and independently of any fitness consideration.

Even if enough mosquitoes are released to escape the immediate risk of drift, two other
dangers are likely to arise because of the higher inbreeding expected among laboratory-released
compared to wild-type mosquitoes. The released transgenic mosquitoes are descended from one
or a few strains that have evolved for many generations under laboratory conditions. Accord-
ingly, genetic drift and selection for adaptation to laboratory environments are expected to have
(i) progressively increased the genetic divergence between laboratory-descendents and wild an-
cestors at many loci (including those that can be advantageous in the environment of release),
(ii) progressively reduced the genetic diversity of laboratory descendents down through the gen-
erations, and (iii) fixed by chance a few deleterious mutations into the genetic background of

Figure 1A. The dangers faced by laboratory-selected genes when released in populations: intensities, causes
and protection means. At release time, a Plasmodium resistance-gene (figured here as a locus pointed by an
arrow) is necessarily borne by a laboratory genetic background. This laboratory genetic background is likely
to be on average more inbred and to bear more homozygous deleterious mutations that the average wild-type
one (see text). We draw here deleterious mutations as white loci, genetic backgrounds of low diversity as
black chromosomes, of high diversity as grey chromosomes, intermediate diversity levels as chromosomes
bearing black and grey motives, with in this latter case identify/difference in motives reflecting genetic
identity/differences. Figure 1A pictures the differences regarding the genetic backgrounds of a wild-type
vector and of a transgenic mosquito taken either at release time or at the end of the naturalization period
(dotted line). The grey area illustrates the time-evolution of extinction risks for the transgene. The sources
of extinction risk are indicated in bold characters with reference to their relative time of predominance.
Please note that the highest risks occur very early after the release time and that the transgene fitness will
only become important near the end of the naturalization period.
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these laboratory descendents. Therefore, for the transgene to have a chance to persist within the
recipient population, the associated genetic backgrounds must lose their deleterious mutations
and acquire the locally adaptive alleles. Two complimentary experimental axes had confirmed
the reality of these theoretical risks: the first refers to ecosystem restoration, the second to labo-
ratory investigations of competition between transgenic and wild-type mosquitoes.

Experimental Lessons from Ecosystem Restoration
The release of transgenic mosquitoes into a totally new environment already occupied by

wild vectors resembles the translocation of organisms performed in attempts to restore native
ecosystems. Local attempts of ecosystem restoration have been regularly performed by attempting
to settle immigrants into endangered populations. This thus provides a rather global experi-
ence regarding the probability and conditions of success and failure.5

Experience has shown that failures, or at least strong difficulties for immigrants to settle, are
the overriding outcome.5 Interestingly, the exceptional cases of success occurred either when
the number of native individuals was small compared to that of the transplanted immigrants,
or when the native population displayed low genetic diversity.5 Unfortunately, neither of these
two scenarios can ever reasonably be expected to apply to the release of transgenic mosquitoes.
Numerical dominance of a vector population by laboratory-produced mosquitoes is almost
inconceivable. It is also highly improbable that the natural vector population targeted would
have suddenly experienced a drastic loss in genetic variability just before the release of transgenic
vectors.

By contrast, the difficulties recurrently encountered by immigrants in ecosystem restora-
tions are very likely to apply to the release of transgenic mosquitoes. A first difficulty arises
because the transplanted immigrants bear genotypes that confer adaptation to their ancestral
but not to their new environments.5,6 Given the large differences between laboratory-controlled
and field environments, it is very likely that such mal-adaptation will also concern the
laboratory-engineered mosquitoes at release time. A second difficulty arises because immi-
grants display too low a genetic diversity and too much inbreeding to get rid of their deleteri-
ous mutations within their new challenging environment.5 Avoidance of inbreeding is a diffi-
cult goal to achieve in laboratory-reared strains, requiring either the application of laborious
mating protocols or regular incorporation of individuals from foreign stocks. Therefore, this
second difficulty is also very likely to apply to released transgenic mosquitoes, and indeed has
been directly confirmed in laboratory population experiments.

Transgene Naturalization in Laboratory Experiments:
The Actual Dimension of Inbreeding

Transgenesis is rarely successful at 100% so that transgenic strains are generally founded by a
very few individuals. Therefore, the risk for a chance fixation of deleterious mutations looks even
greater within transgenic than in standard laboratory strains. A recent study investigated this
question by allowing transgenic and wild-type mosquitoes to compete within experimental popu-
lations maintained under laboratory conditions (to which all competitors were adapted).7 Four
transgenic lines of Anopheles stephensi were involved where transgenes encoded distinct fluores-
cent proteins. Genetic drift was avoided by seeding populations with a 50:50 mix of transgenic
and nontransgenic mosquitoes. In all replicates and whatever the identity of the transgene, the
outcome was disappearance of the transgene from experimental populations within a few genera-
tions. Making the wild-type mosquitoes as inbred as the transgenic ones was enough to consider-
ably increase the number of generations during which the transgene persisted.7

A later study reinvestigated this issue by focusing on two transgenic constructs that make
Anopheles mosquitoes resistant to Plasmodium infection.8 A first transgenic construct encodes a
tetramer of SM1 peptide. This peptide prevents vector infection by competitively binding to
the Anopheles receptors that Plasmodium parasites use to infect the vector.9 In this case, homog-
enization in genetic background among competing mosquitoes was sufficient to ensure transgene
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naturalization in all replicates originally seeded with half wild-type and half transgenic mosqui-
toes.8 However, the conclusion was different for a construct encoding the bee venom protein
PLA2, which prevents Plasmodium infection through an unknown mechanism.10 This transgene
consistently disappeared in five generations, even after having homogenized the genetic back-
ground among competitors. This indicates that the presence of the PLA-2 transgene deterio-
rates mosquito fitness. Whether this counter-selection was due to PLA2 production or to the
chromosomal localization of transgene insertion remains to be clarified.8

Overall, these studies confirmed that transgene naturalization is a difficult goal to achieve
in Anopheles strains even when the effects of genetic drift and of environmental changes are
avoided. In these optimal conditions, the major and inescapable source of difficulty stems from
the high inbreeding observed within transgenic lines.

Solutions to Naturalization Problems

Sorting Out the Least Costly Transgenes: The Beginning of a Real Solution
Studies on the genetics of adaptation have recurrently shown that mutations generally tend

to decrease fitness when expressed in new genetic backgrounds and/or new environments, but
that such a fitness cost varies so greatly among mutants than it can occasionally be null.11-15

Thus, we can reasonably anticipate a variation in fitness cost among transgenes whether this
cost arises from the expression of the transgene or from the transgenesis process. As a conse-
quence, common sense recommends increasing the range of mutants to incorporate into
transgenesis protocols in order to pick up those associated with the weakest fitness cost. None-
theless, it is noteworthy that the question of fitness cost intensity per se is far from being the
most crucial for the fate of the ‘transgenic strategy’. This issue will be discussed in details in the
section “Evaluating the Chance of Success of Naturalized Resistance Genes: Formalization and
Estimation of the Selective Balance Involved”.

Diversifying the Genetic Background of Transgenic Strains:
An Achievable Requirement

Although the necessity of using out-bred strains to engineer transgenic mosquitoes has been
recognized,7 genetic drift and low numbers of reproducing adults are so difficult to avoid that
an originally out-bred strain is very likely to generate inbred transgenic mosquitoes at release
time. A partial solution to alleviate this problem would be to introduce foreign genotypes into
transgenic homozygotes just before release time. This may be further optimized if the foreign
genotypes are picked up from the vector population targeted by the release strategy. Indeed,
such a process will tend to optimize the probability of incorporating the locally adaptive genes
into the background of the homozygous transgenic mosquitoes. Replicating such an introgres-
sion strategy with parallel population-cages would incorporate alternative wild-type genotypes
in the background of the transgenic mosquitoes (Fig. 1B). A final cross among the descendents
of these introgressed populations will further diversify the wild-type genotypes of transgenic
mosquitoes (Fig. 1B). This crossing protocol looks a priori as the most efficient in minimizing
the predicted naturalization problems and even reducing the high risk period of naturalization
(Fig. 1C). This was indeed one conclusion from an experimental test for the potential of plant
population restoration.6

Counting on Genetic Drive to Shorten the High Risk Naturalization Period:
An Impossible Dream?

The possibility to reduce the critical period of transgene naturalization with the help of
genetic drive has received a lot of attention.1,16-21 A genetic element promoting genetic drive
tends to be over-represented in the crossed descendents of carrier and noncarrier parents. Two
drive systems have been considered: Wolbachia-borne and transposon-borne transgenes. Wolbachia
are bacteria that parasitize the cells of many Arthropods, have maternal inheritance, and that
profoundly affect the reproduction of their host. For instance, Wolbachia pipientis affects the
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fertility of Culex and Aedes mosquitoes as follows: (i) crosses between Wolbachia-infected females
and noninfected males are fertile, (ii) crosses between Wolbachia-infected males and noninfected
females are sterile, and (iii) crosses between two Wolbachia-infected parents have variable
outcomes depending on the genetic relationships of the bacteria involved. As Anopheles mosqui-
toes are seemingly Wolbachia-free in natural populations, the use of a Wolbachia from Culex or
Aedes to bear a resistance transgene has been proposed with the idea that the resulting transgenic
females will be able to mate with any wild-type male and to transmit the transgene to almost all
resulting offspring.16 However, mathematical analyses showed the occurrence of stringent con-
ditions for Wolbachia-induced incompatibilities to actually be able to drive Wolbachia-borne
transgenes in populations.17-19 Moreover, if all Wolbachia effects remained unchanged in Anoph-
eles host, then transgenic males would never be able to produce any viable progeny when mating
to wild-females. This poses a serious problem for achieving the necessary reduction in the in-
breeding of released transgenic mosquitoes; therefore a reduction in prenaturalization period by
such a Wolbachia-strategy seems very unlikely.

Figure 1B. Using the color conventions of Figure 1A, Figure 1B describes a crossing protocol to apply
between the production and release times of Plasmodium-resistant mosquitoes. Each population-cage is
initially seeded by the offspring of the originally produced transgenic mosquitoes crossed to individuals
captured in the population targeted by the future release. Free evolution is allowed in these cages except that
only homozygotes for the transgene are allowed to mate. As a consequence, each population will experience
a different history and will select for a different genetic background than others. A final cross among resulting
strains will thus reincrease the genetic diversity and help remove the remainder deleterious mutations.
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Alternatively, as insect transgenesis generally uses transposon elements,8,9,22-24 genetic drive
via transposon elements was hoped to shorten the naturalization period and to reduce the
associated risks of transgene disappearance.1,20,21 However, a review has recently reduced these
hopes to zero by showing that the used transposon elements are at best very poorly remobilized
within mosquito genomes.24

Evaluating the Chance of Success of Naturalized Resistance Genes:
Formalization and Estimation of the Selective Balance Involved

Hereon, we ignore the differences in genetic background between transgenic and native
vectors in order to dissect the processes that define the relative fitness of the resistance transgene,
the evolution of the resistance phenotype and the epidemiological consequences of this evolu-
tion. This section is written with the aim of stimulating discussion among all potential actors
involved in a transgenic release project whether they are concerned with laboratory processing,
field studies, public health surveys or political decisions. We have thus avoided refining the
mathematical models previously developed.1 Instead, we argue on the biological reality of pa-
rameters, their accessibility to estimation in real life, and on their qualitative influence on the
conclusions. Therefore, we have tried as much as possible to highlight the bridges that should
connect the experimental domain- aimed at identifying and/or modifying the mechanics of
Anopheles-Plasmodium interactions—to the world in silico—where mathematical models try
to capture the evolutionary dynamics of the ‘Homo-Anopheles-Plasmodium’ system.

From Biology to Minimal Formalization Able to Forecast Resistance Evolution
The presence and the absence of the risk of Plasmodium infection describe two qualitatively

distinct environments referred to by the indices I and NI, respectively. The susceptibility and
resistance to Plasmodium infection define the S and R phenotypes, respectively. Finally, WXY
refers to the mean fitness realized by the X phenotype within the Y environment. Given the
lack of knowledge on resistance pleiotropy, let us simply assume here that only female fitness is

Figure 1C. Using the same conventions as Figure 1A, Figure 1C describes the time-evolution in extinction
risks that would be experienced by the introgressed transgenic mosquitoes (obtained from Fig. 1B) once
released in the field. Note that the main effect of the crossing protocol would be to reduce the length of the
risky period of prenaturalization.
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concerned. Regarding resistance evolution, the question of interest is to formalize the overall
selective balance acting on R and S phenotypes across I and NI environments.

It should be noted that various environmental variations will surely affect vector fitness
(temperature, availability and quality in food resources, competition, infection by other patho-
gens, predation etc). Accordingly, no pertinent predictions can be made from estimates of
WSNI, WSI, WRNI and WRI that were measured in independent set-ups and hence very likely to
be differently biased by confounding environmental variations. Therefore, one solution is to
move one-step backward, by focusing on the direct fitness comparison of S and R mosquitoes
that are conjointly experiencing the exact same environment rather than the WXY components
themselves. This is the rationale hidden behind the formalization using c and s parameters:
these parameters are measuring R-to-S differences in fitness within either one of two alterna-
tive environments. As such, population cage experiments where R and S are competing a few
generations long (as those reported in refs. 7,8) are accurate to estimate the average value taken
by the resistance fitness cost c. The parallel experiment in which infectious blood-meals are
given to the competitive vectors would allow correct estimation of the average fitness advantage
of resistance s. Please note that the s estimate tightly depends on the I environment where it is
measured: a different choice in the environmental reference is likely to lead to a different esti-
mate. From then, it is noteworthy this I environment is also defined with reference to NI
environment through the parameter d; i.e., the average detriment in fitness that infectious
contact imposes to susceptible mosquitoes. This precision is important because it underlines
that (i) any s estimate indirectly depends on the joint d estimate, and (ii) the arising function
s(d) emerges as an inherent property of the environmental conditions chosen as references (i.e.,
averages in human-blood composition and abiotic parameters, but also in blood-meal concen-
tration in Plasmodium gametocytes, parasite genetic composition, and gametocyte infectious-
ness etc). Therefore, any erroneous appreciation regarding the environmental range experi-
enced by susceptible vectors and the associated variations in vector fitness and/or in parasite
fitness would define major sources of errors regarding the estimation and evolutionary impor-
tance of the fitness advantage of resistance. Hereafter, the notation s(d) will replace the notation
s whenever an evolution in I and NI environmental references is suspected.

For the moment, let us remain with fixed environmental references and describe the for-
malization using the associated estimates of d, s and c parameters (Fig. 2A). Parameter d mea-
sures the fitness detriment that may be imposed by Plasmodium infection upon susceptible
vectors: WSI ≤ WSNI and WSI = (1-d).WSNI with 0 ≤ d ≤ 1. Parameter s measures the fitness
advantage that resistance confers when a blood-meal is infectious by its infection-blocking
effect; thus WRI = (1 + s).WSI; with s ≥ 0. Parameter c measures the fitness cost of resistance
when infection risk is absent; thus WRNI = (1-c).WSNI with 0 ≤ c ≤ 1. Noting f the probability
for a vector to face the risk of Plasmodium-infection (i.e., to ingest gametocytes, the parasite
stages that are infectious to vectors), the overall selective balance acting on the R/S polymor-
phism across I and NI environments is simply given by:

WR - WS = f. [WRI – WSI] + (1-f ). [WRNI – WSNI] (1)

The pair-wise relationships among female fitness components lead then to rewrite this equa-
tion as:

WR - WS = WSNI. [f.s.(1-d ) – (1-f ).c] (2)

Accordingly, the constraints under which resistance and susceptible phenotypes freely coex-
ist within the local recipient population (i.e., WR = WS) are defined by:

f.s.(1-d ) = (1-f ).c (3)

Alternatively, as transgenic resistant vectors are aimed to be released in viable vector popu-
lations, where WSNI >0, the overall fitness difference [WR - WS] will have the same sign as the
expression [f.s.(1-d ) – (1-f ).c]. Thus, the resistance phenotype will be allowed to locally in-
crease in frequency if and only if f.s.(1-d) > (1-f ).c.
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Biological Consequences on the Minimal Requirements
for Resistance Evolution

The first requirement is obvious: if there is no fitness advantage to resistance (s = 0), there must
be no fitness resistance cost for the resistance phenotype to be able to persist! In this case, s = c = 0:
the success of transgenic release strategy depends on the fate of an introduced neutral phenotype,
hence on its extinction probability through drift. Both phenotypes would have an average fitness
of WRNI = WSNI in parasite-free environments, and of WRI = WSI = (1-d).WSNI = (1-d).WRNI
when facing infectious contacts. Interestingly, the value taken by d does not need to be null and
estimates two independent quantities at once. In susceptible vectors, it goes on estimating the
fitness detriment caused by parasite development, i.e., the effect of virulence of the local Plasmo-
dium parasites toward their local vectors. In resistant mosquitoes, because of the emerging rela-
tion WRI = (1-d).WRNI, the value taken by d quantifies the fitness detriment imposed by the
physiological changes allowing them to block parasite development. In other words, here, d mea-
sures the physiological cost of a selectively neutral resistance transgene! This highlights once more
the absence of synonymy between the physiological and the fitness costs of resistance.25,26

Now, it is noteworthy that assuming d = 0 does imply s = 0 (hence, as above, this implies
that resistance evolution relies on the hazardous introduction of a selectively neutral pheno-
type). Indeed, what can be the fitness advantage of blocking Plasmodium development if this
infection does not impair fitness? This is a major reason why questions regarding the potential
virulence of Plasmodium parasite towards their vectors are so crucial.

Figure 2A. Fitness effects that are directly induced by the resistance gene: formalization, estimation and
evolutionary consequences. Given two environmental references for the vectors, depicting respectively
parasite-free (NI) and infectious (I) conditions, this figure pictures a possible outcome for the R-to-S
comparison in fitness performance. The fitness detrimental effect of parasite infection in susceptible vectors
(pictured by the d-indexed arrow) is an emerging property of this pair of environmental references. From
then, fitness comparisons among phenotypes are computed within environments. This allows the most
pertinent evaluation of the fitness resistance cost (the arrow indexed by c letter) and fitness resistance
advantage (the arrow indexed by s letter), as any confounding environmental variation will simultaneously
affect S and R performances. Here, the grey arrow (indexed by a star) illustrates the so-called physiological
cost of resistance that is too often confused with that of the resistance fitness cost. Please note that the main
effects of this physiological cost are to define a fitness decrease for resistant phenotype in I environment
relative to NI, or equivalently to impose an upper-limit to the fitness advantage of resistance. Whenever I
and NI environmental references accurately capture the field-environmental variation in selection, a correct
evaluation of α = c/s will help forecaste resistance evolution.
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Finally, let us examine the cases where Plasmodium infection does impair the fitness of
susceptible vectors (d > 0) and resistance does confer a fitness advantage to mosquitoes facing
infection (s > 0). An extreme case occurs when local humans are all bearing Plasmodium game-
tocytes, such that any blood-meal is infectious for vectors: f = 1. In such a case, vector resistance
to Plasmodium will initially increase in frequency whatever the values taken by c, s and d param-
eters. Otherwise (0 < f < 1), the fate of resistance depends on the comparison between two
ratios: α(d) = c/s(d) and β = [f(1-d)] / [1-f ]. An overall selective advantage will favor resistance
whenever α(d) < β, and susceptibility whenever α(d) > β. One advantage of this formalization is
to separate what is specifically related to the fitness comparison among phenotypes within the

Figure 2B. This figure pictures the conditions of resistance evolution in α x β space. Given the initial values
β0 and α0, resistance will be allowed to evolve as soon as αo < βo (i.e., in any point located outside the
black-colored area). From then, the expected reduction in human gametocyte burden following the vector
evolution of resistance (hence the reduction in Plasmodium transmission) will tend to decrease β. Mean-
while, the epidemiological changes induced by vector evolution are very likely to change the average quality
of infectious environments (e.g., through changes in human distribution in gametocyte loads and/or genetic
composition). In addition, as vector evolution toward parasite resistance will lead to an increase in vectors
heterozygous for the transgene, it will change the average response to infection among the contemporaneous
phenotypes that are determining the phenotypic references for resistance and susceptibility. As a conse-
quence, the evolution of vector resistance is expected to jointly modify the future values taken by d and s
parameters, and hence by α. In other words, the evolution of resistance in a vector population creates the
conditions for a coupled-evolution of α and β. A precise formalization of these α-β coupling-rules will
require knowing the functions that determine (i) the dependence of gametocyte load distribution on the
probability for human to be infected, (ii) the dependence of the d parameter on human gametocyte load,
and (iii) the dominance of s and c parameters in heterozygous vectors. In the absence of this required
knowledge, only qualitative conclusions can be made regarding α-β coevolution. In this figure, three
qualitative possibilities are pictured with evolution-time following the sense indicated by arrows and evo-
lution starting at the same initial state (α0; β0). They are ranked accordingly to the degree of dependence
between α and β along their evolutionary course: α and β are rather uncoupled in the example figuring on
the left, but evolve in tight interdependence in that figuring on the right. These differences in α-β interde-
pendence did not prevent the occurrence of a time limit l where the whole system reaches an equilibrium
defined by α(l) = β(l) and β(l) > 0 (i.e., an absence of parasite eradication), but do nevertheless modify the
equilibrium identity through its characteristics proportions in infected humans and vectors.
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two chosen environments, from what is inherent to the targeted population. Moreover, this
allows the recovery of a classical result in the genetics of adaptation:27 it is not its fitness cost per
se that matters in the evolution of a new phenotype but the suitability between the cost-benefit
balance it confers across two given environments of reference (α(d)), and the relative impor-
tance of those environments both in terms of frequencies (i.e., f terms in β) and of the induced
fitness variation in the ancestral phenotype (i.e., d term in β). Finally, this formalization under-
lines the mechanics of a feed-back linking the evolution of Plasmodium-resistance in mosqui-
toes to the conditions determining its subsequent evolution. Indeed, any increase in
Plasmodium-resistance in mosquitoes will decrease f- the human-burden of Plasmodium game-
tocytes - and hence necessarily affects the future value taken by β. Complementarily, changes in
the quality of the infectious environment are very likely to modify the fitness consequences of
Plasmodium infection, i.e., to jointly modify the values taken by d, by the relative fitness advan-
tage of resistance s(d), and hence that taken by α(d). In summary, changes in the frequency of
resistant vectors will not only modify the transmission patterns from vectors to humans but
also the human-environmental referential that counts for the determination of β, d, s(d), α(d)
and hence the future issue of α-to β comparisons. This is enough to speculate that- as long as
the local parasites do not evolve- the general tendency would be the occurrence of a date-limit
l, at which time the dynamics attain equilibrium where α equals β (Fig. 2B).

Returning to real life, the interesting question would be to determine whether or not this
equilibrium limit defines a good protection for public health. No pertinent answer can be
provided without additional data that explicitly addresses the relationships between the
human-distributions in malaria pathologies, in the overall Plasmodium burden and in the ga-
metocyte burden, as well as between these human-distributions and the fitness outcomes of
parasite-vector interactions (i.e., parasite effects on the fitness of susceptible vectors and the
relative benefit of being a resistant vector). In parallel, the overall picture is likely to be modi-
fied by parasite evolution. To be favourable for parasite fitness, this evolution should counter-
balance the decrease in human-to-vector transmission that has been caused by resistance evolu-
tion in vector populations. Among possible evolutionary answers, one solution could be for the
parasite to lengthen the time during which successfully infected vectors are infectious for hu-
mans, so that a reduction in the density of susceptible vectors would not alter the local parasite
density. Another evolutionary solution would be for the parasite to increase its gametocyte
burdens in humans, and hence the likelihood for any infected human to participate in the
human-to-vector transmission. Other evolutionary responses of the parasite can be proposed.
In all cases, the message emerging here is the necessity to fully characterise the interactive
relationships that a population of Plasmodium parasites jointly entertains with its human-hosts
and vectors if we want to be able to evaluate (i) the relative chance for parasite evolutionary
answers to vector resistance to be selected for, and (ii) the public health consequences of such
potential parasite evolution. To date, required data for such an evaluation are still missing.

Confrontation with an Explicit Model Regarding Resistance Evolution
within an Isolated Infinite Population

Boëte and Koella1 developed an explicit model that was based on the following premises:
1. No parasite evolution;
2. No parasite differences in transmission or in virulence toward mosquito (i.e., each indi-

vidual parasite that develops within a vector decreases its fitness by a fixed amount);
3. An even distribution in gametocyte burden among the humans infected by Plasmodium

parasites at any time t;
4. A frequency of infected humans given by f (t)= [Ro(t)-1]/ [Ro(t) =a/m]; with a and m

representing the mosquito’s biting and mortality rates, respectively;
5. Eventuality of partial or total blockage in parasite developments in RR mosquitoes;
6. Poisson distributions in the cumulative parasite burden along mosquito life with similar

parasite-dose dependent effects on the fitness detriment of mosquitoes among SS, RS and
RR genotypes;
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7. A fitness advantage of resistance that arises from an average reduction in parasite burden of
RR and RS relatively to SS mosquitoes; so that this advantage also emerges as parasite-dose
dependent;

8. RR individuals that either suffer from a fitness resistance cost, or that experience a reduc-
tion in their fitness advantage;

9. Equality in dominance levels of the resistance fitness advantage and of the resistance fitness
cost;

10. The eventual benefit of genetic drive for resistance transgene.
The conclusions driven by this explicit model are totally congruent with those of our crude

and qualitative model. Indeed, in the absence of genetic drive, all parameter combinations
result in the occurrence of thresholds in the fitness cost values that allow the evolution of
resistance, a diminishing return acting on any evolving resistance, and hence for the very weak
probability of Plasmodium eradication through modification of the vectorial capacity of a local
Anopheles population. In addition, this explicit model indicates that only perfect resistance
(i.e., so that no single parasite is able to develop within RR mosquitoes) has got a non-null
probability of succeeding in a local eradication of Plasmodium. From then, the eventual occur-
rence of genetic drive may facilitate malaria eradication within this isolated population by
annihilating the diminishing return effect (i.e., by uncoupling the evolution of α and β).

Deviations Caused by the Co-Ocurrence of Two Vector Species
The very effect of the co-occurrence of two vector species is to tend to uncouple the local

evolution of Plasmodium-resistance in the vector species of interest from that of human epide-
miology (i.e., f ), preventing hence β to drop too far from its initial β0  value. As a result,
introduced resistance transgene satisfying α0 < β0 will be more likely to invade the targeted
species while parasite-transmission will progressively shift toward the co-occurring vector spe-
cies. In other words, as soon as two vector species coexist, the population invasion by the
resistance transgene is facilitated in the targeted species at the expense of a quasi-null effect on
the density of infected humans.

Deviations Caused by Differences in Vector-Parasite Interactions
To this point, we have implicitly assumed that vector resistance and susceptible genotypes

respectively display the same interactive issues with all parasite genotypes they encounter. How-
ever, this assumption would require direct experimental testing, as nothing ensures that all
parasite genotypes interact in the exact same way with all wild-type vector genotypes. This
concern is even reinforced by noting that, more often than not, several of the Plasmodium spp
that infect humans (P. falciparum, P. vivax, P. ovale, and P. malariae) coexist and that they can
have both positive and negative effects on each other’s distribution.28,29 In addition, experi-
mental data from a rodent malaria model, P. chabaudi, and the vector An. stephensi, have re-
futed the assumption under which all parasite genotypes would impose the same detriment in
fitness on susceptible vectors.30 In another experimental infection set-up, one strain of An.
gambiae selected for complete resistance to P. cynomolgi displayed a variable degree in resistance
to other related parasite species and strains.31 Overall, this raises the possibility that
Anopheles-Plasmodium interaction may obey ‘vector genotype x parasite genotype’ interactive
rules. Therefore, it may be possible that some natural or engineered vector genotypes would
better resist infection than others when facing particular parasite genotypes but at the cost to be
more easily infected by other parasite genotypes. How would this modify the conclusions of
our qualitative model?

As long as the heterogeneity in Anopheles-Plasmodium interactive outcomes (i.e., infection
success or failure) strictly concerns the wild-type genotypes, it would only induce heterogeneity
in the selective advantage conferred by the release-resistance genotypes. Therefore, this would
not lead to dramatic changes in our previous conclusions except that the evaluation of the α
ratio would be more delicate. Indeed, any infection failure of a wild-type mosquito would
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nullify the fitness advantage of the released resistance phenotype. Therefore estimation of the
average advantage would necessitate an estimate of the proportion of vector-parasite natural
encounters that actually result in vector infection. The situation would be more complex if the
released-resistance genotype also conferred varying degrees of susceptibility and resistance de-
pending on the Plasmodium genotype encountered. In this case, the possibilities for vector
resistance evolution (and associated parasite evolution) will depend on the symmetry or asym-
metry of the ‘vector genotype’ x ‘parasite genotype’ matrix cosigning the infection successes
and failures (see refs. 25, 32-34 for details). Therefore, no pertinent conclusion can easily be
drawn without previous study on how natural and transgenic Anopheles genotypes interact
with the Plasmodium diversity encountered in the population targeted for a transgenic release.

Nevertheless, let us imagine that the genotype x genotype matrix suggests the possible dis-
appearance of P. falciparum, to the benefit of other Plasmodium species. Would this lead to a
public health benefit? At first glance the answer seems to be ‘yes’ since P. falciparum is presently
the most virulent species for humans. Coinfection by other Plasmodium species has, however,
recurrently been shown to protect humans from severe P. falciparum malaria, and it is recipro-
cally suspected that P. falciparum coinfection may provide some protection from serious P.
vivax pathologies.28,29 This raises new concerns for the public health outcome following a local
change in Plasmodium genetic diversity. Whether or not this concern is valid in real life will
remain unresolved as long as so little attention is paid to two complementary research axes. The
first one concerns the diagnosis of P. malariae and P. ovale infections: if these infections are
rarely reported as defining severe pathologies, is it because of their effectively low virulence or
because of a misidentification of the parasite species involved in severe malaria diseases. The
second question that would merit more attention concerns the pathology comparisons in mono-
versus pluri-specific infections. The increasing prevalence of P. vivax and P. falciparum coinfection
in Thailand could serve as a very good basis for such an investigation.28,29 Other epidemiologi-
cal situations can further improve our knowledge regarding the potential impact of Plasmo-
dium biodiversity on public health issues. For instance, a replacement of P. falciparum by P.
malariae was suspected to have taken place in some areas of Tanzania, with such replacement
being attributed to the efficacy of vector control programs, and potentially the longer duration
of human infection by P. malariae.35 Therefore, contemporaneous longitudinal records of ma-
laria pathology (if they exist) may serve as another starting point to directly address the clinical
effect of a change in Plasmodium genetic diversity.

Deviations Induced When Moving from Population to Metapopulation Levels
In reality, each population is not evolving independently from others. Instead, neighboring

populations are connected by migration events that tend to homogenize their genetic compo-
sition. This migration effect is counterbalanced by within-population demography promoting
genetic drift that tends to make populations genetically diverge from one another, and to im-
poverish within-population genetic diversity (especially when population size is small). More-
over, population extinction biases this migration/drift balance toward either homogenization
or divergence depending on the precise mode of recolonization.36 The phrase ‘metapopulation’
takes conjointly into account the effects of migration, genetic drift and extinction/recolonization
processes.

Sub-populations in a metapopulation may often differ in the environmental forces perti-
nent for the phenotype of interest. As vector resistance-to-Plasmodium infection is likely to be
a selected phenotype, variation in the environmental-induced selection pressures that act upon
this phenotype must be considered (i.e., the density of humans that carry Plasmodium gameto-
cytes infectious for the vectors, the parasite detrimental effect on the fitness of susceptible
vectors, the vector fitness advantage and cost of parasite resistance). As a first approximation,
assuming that the resistance fitness advantage and the associated fitness cost are high enough,
the evolution of resistance can be forecasted by ignoring drift effects and focusing on migra-
tion/selection balance. Several models have investigated this question in the context of
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resistance to pesticides (see refs. 37-40 and references therein); i.e., a case where among-
population-variation in selection pressures is under human control since they correspond to
the presence and absence of pesticide treatments. In this context, two key factors affect the
possibility of resistance evolution within the metapopulation.37-40 The first one relates to the
geographical distribution of the environmental-induced selection relative to the migration range
of the evolving species. This scale is important because it defines the average correlation in the
selection experienced by mating individuals and by parents and offspring. The higher these
correlations, the easier it is for resistance to evolve in some parts of the metapopulation. The
second key factor concerns α = c/s (including the potential but crucial variation in dominance
among the cost and advantage that are experienced in heterozygotes, see ref. 40 for details).
Assuming an absence of parasite evolution in response to that of the Plasmodium-resistance in
vectors, these conclusions can be extended to the case of mosquito-resistance to Plasmodium.
Here, the pertinent environmental variation concerns the risk of Plasmodium-infection that
the vector species of interest faces. Therefore, even if this risk is not under human control, any
factor that will affect the correlation of such a risk among mating individuals and/or among
parents and offspring will jeopardize the evolution of Plasmodium-resistance within a vector
metapopulation. Quantitative forecasting will require not only knowledge of the geographical
distribution of Plasmodium gametocytes, but also that of Plasmodium infectiousness and viru-
lence toward wild-type vectors (i.e., components affecting the intensity of resistance fitness
advantage).

Recap of the Biological Data Required to Correctly Forecast Vector
and Disease Evolution

Recall that no resistance evolution can ever occur following the release of laboratory mos-
quitoes if Plasmodium infection does not impair the fitness of susceptible vectors. Direct tests
of this assumption that include estimates of parasite detrimental effects on vector fitness re-
main nevertheless rare, with the exception of the work of Hurd and her collaborators.41-43

These authors reported drastic reductions (from 15% to 48%) in mosquito fecundity in
laboratory-controlled infections of An. stephensi and An. gambiae by P. yoelii nigeriensis, and in
Tanzanian natural infections of An. gambiae by P. falciparum. This detrimental effect on female
fecundity was found to last over at least three consecutive gonotrophic cycles, and to affect
both strongly and weakly parasitized females (harboring >75 oocysts or ≈ 4 oocysts). Moreover,
the extent of the reduction in fecundity was similar in strongly and weakly parasitized females
during the 2nd and 3rd gonotrophic cycles (≈ 20% to 25% reduction). This suggests that there
is weak parasite-dose dependence in the fitness detriment imposed by Plasmodium infection on
their vectors. This would in turn suggest that there is a weak β-diminishing return on both α
and the long-term evolution of Plasmodium-resistance in vector populations, and hence a high
potential for a transgenic release to actually reduce Plasmodium burden in humans.

It nevertheless remains pivotal to test whether such ‘favorable’ characteristics tend to be the
general rule among all the local possibilities of Plasmodium - Anopheles genetic combinations.
As far as we know, this issue has not yet received attention. However, its importance appears
reinforced by the recurrent reports of highly aggregated distribution of parasites among natu-
rally infected vectors.44 Such aggregation can either result from a high heterogeneity in the
infectiousness among local blood-meals, or from a local variation in vector susceptibility to
Plasmodium infections. Interestingly both possibilities are indirectly supported by our current
knowledge of malaria biology. On the one hand, it has been proposed that, in some localities,
20% of a local human infectious reservoir may be responsible for 80% of malaria transmis-
sion.45 On the other hand, naturally occurring Anopheles resistance to Plasmodium infection
has begun to be identified.47-49 Both possibilities would have dramatic consequences on the
α-to-β comparisons that regulate the long-term evolution of the released transgenic resistance
within vector populations. Indeed, they will respectively reduce β, through a reduction in the f
probability to face infection risk, and increase α by reducing the fitness advantage of the
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released-resistance since natural vectors may be as able to resist infection as the released ones.
Therefore, no pertinent forecast of the local evolution of a released Plasmodium-resistance phe-
notype will ever be possible without previously knowing how natural Anopheles genotypes ac-
tually interact with Plasmodium ones in the locality chosen for this future release.

The need for data that document vector-parasite interactions appears even more crucial
when addressing the probability for a vector to take an infectious blood-meal (parameter f, see
section “From Biology to Minimal Formalization Able to Forecast Resistance Evolution”). Ga-
metocyte burdens greatly vary with region of study and with human history of exposure and
tend to reflect the overall asexual parasite density:50,51 infections in the younger and therefore
less immune children tend to produce higher densities of gametocytes than adults.52-54 How-
ever, although increasing gametocyte density tends to result in greater infectiousness to mos-
quitoes, high gametocyte densities do not guarantee high mosquito infection rates.55-58 In-
deed, cryptic infected humans, apparently bearing no or very few apparent gametocytes, are
capable of infecting mosquitoes and may contribute to a very significant proportion of the
human transmission reservoir.57-59 Such variability in human-to-mosquito transmission sug-
gest several sources of variation that must be identified and taken into account in explicit
evaluation of models of the transgenic strategy. So far, two sources of variation have been
identified and a third may be hypothesized.

• First, the periodicity and intensity of malaria transmission are known to conjointly affect
the distribution frequencies in gametocyte carriage among human age classes. In endemic
low transmission areas, parasite prevalence rates are similar across all age groups and game-
tocytes are similarly frequent in all age groups.60 As the transmission intensity increases,
both overall and gametocyte parasite prevalence rates decrease with human age, reflecting
the acquisition of immunity.52,53 By contrast, in regions where malaria is epidemic, game-
tocytes are found at high frequency in all age groups and remain largely absent during
inter-epidemic periods. Interestingly, these characteristics are entirely congruent with the
assumption that Plasmodium parasite may be able to modify its human-borne life-stages to
adapt to variations in vector availability.

• Second, the duration of gametocyte positivity in an individual infection varies with age and
disease severity.61 Both these factors are likely to vary not only with transmission intensity,
but also with the local parasite specific diversity, and importantly, the efficacy of local health
networks. Once more, this suggests a non-null capacity of Plasmodium parasites for finding
adaptive answers to variations in transmission constraints.

• Third, we can speculate on the occurrence of geographical differences in the match-pattern
of Plasmodium and Anopheles genotypes that allow vector infection. Interestingly, two ex-
perimental studies provide indirect support for this.30,31

Thus, with a minimum of knowledge on the local transmission intensity, crude estimates of
f can be made. How these characteristics will be altered by a decrease in transmission is uncer-
tain, but such data should be available from previous studies where transmission has been
reduced by extrinsic methods (e.g., bednet studies). Determining local parasite-vector adapta-
tion and/or local adaptive capacity of parasites to respond to epidemiological changes may
prove more problematic but potentially more important.

The Complex Biological Reality of Malaria: How Does the Acquired
Knowledge Relate to the Pivotal Parameters of Resistance Evolution?

The Specific Diversity in Malaria Vectors
The engineering of resistant transgenic mosquitoes tends to focus on Anopheles gambiae,

one of the major malaria vectors in the Afro-tropical region where the virulent P. falciparum is
mostly found. However, more than one hundred Anopheles species have been described as
malaria vectors worldwide,62 and, even in the Afro-tropical region, the local co-occurrence of
diverse vector species of P. falciparum looks to be the rule (Fig. 3). Furthermore, the so-called
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An. gambiae is a species complex regrouping gene-pools that evolve in relative independence
from one another (Fig. 3). This raises different concerns regarding the potential of the transgenic
release strategy. Firstly, there is no a priori guarantee concerning the biological compatibility
between the engineered-strains to be released in a locality and the P. falciparum vectors living
there. Secondly, the likely co-occurrence of competing vector species leads one to expect that
the transgenic release strategy would at best modify the parasite-transmission-pattern with an
uncertain impact on public health (see section “Deviations Caused by the Co-Ocurrence of
Two Vector Species”). Circumventing these two difficulties by targeting several major vector
species simultaneously would make the preparatory and production phases increasingly oner-
ous, even when focusing on restricted geographical areas.

Such difficulty is exemplified by the joint investigation of malaria transmission and Anoph-
eles diversity in the Senegalese villages of Dielmo and Ndiop, located 5km apart.63,64 In Dielmo,
the year-round presence of An. funestus guarantees continuity in malaria transmission. Six other
Anopheles species were also identified, among which three were involved in malaria transmis-
sion to differing extents according to the season. Even more interestingly, Anopheles species that

Figure 3. Biological diversity involved in malaria transmission: a neglected area of critical importance. More
than one hundred Anopheles species have been described worldwide as vectors for malaria parasites.62

Nevertheless, refractory transgenic mosquitoes mainly concern An. gambiae that is considered as the “main
vector” in Afro-tropical region where P. falciparum is responsible for most malaria scourge. But: i) An.
gambiae constitutes a species complex including An. gambiae s.s., An. arabiensis, An. quadriannulatus, An.
melas and An. merus.69 ii) Other main vectors of P. falciparum frequently coexist with An. gambiae s.s. in this
area. (See the figure below for a rough description restricted to “main” vectors). iii) Other Plasmodium species
(P. vivax, P. malariae, P. ovale) can also coexist with P. falciparum in Afro-tropical sites.70 In the face of these
observations, the major issue of transgenic release looks to focus on two interrelated questions: What could
be the consequences of a release of refractory An. gambiae s.s. strains in Afro-tropical zone on the dynamics
of the evolutionary relationships that P. falciparum entertains there with (i) its other vectors, and with (ii)
the other malaria parasites?
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did not appear to be involved in malaria transmission in Dielmo were classified as good malaria
vectors elsewhere. As a result, the human-to-vector transmission pattern does not only involve
distinct vector species within localities but these patterns are also heterogeneous along seasons
and over African localities. This is not an exceptional situation as a comparable scenario was
observed in Papua New Guinea, where anopheline diversity involves An. koliensis, three species
of An. punctulatus complex, and six of An. farauti complex.65 All these species are malaria
vectors with both seasonal and geographical variation in their relative importance due to their
variable degree of zoophily and ecology.65,66

The involvement of a vector species in malaria transmission actually defines the selection
pressures acting on Plasmodium-resistance evolution. As a result, seasonal and geographical
changes are likely to reduce the average correlation in the selection experienced among subse-
quent generations and among mating individuals that have previously migrated. This is worthy
of note since such a reduction in correlation jeopardizes the evolution of resistance at the
metapopulation scale (see section “Deviations Induced When Moving from Population to
Metapopulation Levels”). This may be one of the reasons explaining why naturally arisen resis-
tance to Plasmodium infections seems so rare in vector populations.

Wild Anopheles Vectors Have Naturally Developed Resistance
to Plasmodium Infection

It has been argued that the lack of Plasmodium melanization by natural vectors to Plasmo-
dium infection67 indicates that the resistance fitness cost overcomes the resistance fitness ad-
vantage in nature.68 However, melanization is not the only immune response of Insects, and
alternative defense mechanisms have been shown to protect Anopheles natural genotypes from
Plasmodium infections.46-49 Given the lack of biological data in virtually all domains necessary
for quantifying the fate of transgenic release (e.g., intensities of resistance fitness advantage and
cost, distribution probability for the vector risk to encounter a virulent parasite, variation in
the intensity of parasite virulence toward vectors, possibility that resistance to some parasite
genotypes facilitates the transmission of others etc.), it would be of great help to start dissecting
the evolutionary factors that actually regulate the evolution of such naturally occurring resis-
tance mechanisms. Such investigations would certainly allow the incorporation of more realis-
tic parameters in the explicit models aimed at evaluating the fate and epidemiological conse-
quences of the release of laboratory-engineered resistant mosquitoes.

Conclusion on the Most Likely Results of the Release of Laboratory
Resistant Anopheles

First of all, it is noteworthy that the majority of the present discussion does not strictly
concern the particular case where mosquito resistance arises from transgenesis. The only excep-
tion is the discussion on the possible use of genetic drive to reduce the high risk period of
naturalization (see section “Transgene Naturalization in Laboratory Experiments: The Actual
Dimension of Inbreeding”). Otherwise, the entire discussion would be exactly the same whether
the subject was transgenic resistant mosquitoes or selected pools of mosquitoes bearing natu-
rally occurring resistant genes.

From this point, investigating the various sources able to affect the evolutionary fate of a
released transgenic vector resistant to Plasmodium has led to a few qualitative conclusions.
First, the major risks for transgene extinction are indeed expected to occur very soon after
release (Fig. 1). Second, these major risks are more due to the laboratory-origin of the released
mosquitoes than to the resistance characteristic it confers (Fig. 1). Therefore, even if some of
these risks may be prevented before transgenic release (see section “Transgene Naturalization in
Laboratory Experiments: The Actual Dimension of Inbreeding”), the more likely outcome of a
transgenic release strategy would be a rapid disappearance of the released transgene, inducing
thus no visible change in malaria epidemiology, and hence neither public health improvement
nor any medical and/or environmental risks. Third, possible consequences were pinpointed in
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the unlikely case where a released resistant genotype succeeds in persisting long enough to
actually modify the vector competence of the targeted species. Interestingly, the major ex-
pected outcome will rely on the specific diversity of the vectors, the parasites, or both (see
sections “Deviations Caused by the Co-Ocurrence of Two Vector Species”, “Deviations Caused
by Differences in Vector-Parasite Interactions” and “Deviations Induced When Moving from
Population to Metapopulation Levels”). Indeed, the likely outcomes of a persistent resistance
transgene within a vector population would be a passive shift in the vector locally used by
Plasmodium parasites and/or a modification in the Plasmodium genetic diversity that is locally
circulating, either within or among Plasmodium species. Evaluating whether or not these out-
comes would modify public health criteria would require data acquisition regarding eventual
genetic variability of Plasmodium parasites in virulence-transmission tradeoffs.

Overall, it seems that the major predictable outcome of the transgenic release strategy would
not concern public health but fundamental science! Indeed, a correct evaluation of the prob-
ability and consequences of the success of such a strategy will require reconsidering Plasmo-
dium biology and genetics to its very roots, given the recurrent calls for the acquisition of
remaining unknown data throughout the present discussion. For 50 years, malaria epidemiol-
ogy has been based on the Macdonald’s quantitative epidemiological model that ignores ge-
netic variability among malaria parasites and their vectors. Since most of immediate conse-
quences of transgenic release depend on parasite and vector genetic diversity, this classical model
is no longer sufficient. On an optimistic note, as transgenic release strategy is so well suited for
the media, we wager that the acquisition of the required but still missing data will soon benefit
from the increasing attention. If this bet is correct, then the information pertinent to under-
standing the mechanics determining the dynamics of the malaria scourge will unquestionably
increase.
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CHAPTER 11

The Genetics of Vector-Host Interactions:
Alternative Strategies for Genetic Engineering
for Malaria Control
Willem Takken* and Carlo Costantini

As long as behavioural genetics remains a scientific backwater, much of the genome sequence will
look like uninterruptible gibberish.

—Of Flies and Men, by Dean H. Hamer, Scientific American, June 1999

Abstract

Malaria transmission is accomplished by the innate behavioural trait of mosquitoes to
ingest vertebrate blood required for egg production. As human malaria parasites are,
by definition, circulating between humans and certain anopheline species, dis-

ruption of mosquito-human contact will effectively inhibit transmission of the malaria parasite.
Here we explore factors that affect mosquito-host interactions to assess how this process can be
exploited to reduce malaria transmission. Host preference in mosquitoes is genetically
controlled, and it is argued that a change in host preference could result in less human biting
and in reduced parasite transmission. The effect of this is being demonstrated using the vecto-
rial capacity equation, in which the human biting index and mosquito survival are represented.
It is argued that effective malaria control strategies should be based on a reduction of human
biting preference coupled with reduced survival. Strategic interventions based on behavioural
manipulation and ecological change may affect the biting fraction of the vector population to
such an extent that the vectorial capacity is significantly affected. In some cases this may
require genetic modification of organisms (GMO) technology, but mechanical or physical
techniques should also be considered.

Introduction
The human Plasmodia, the causative agents of one of the deadliest diseases on Earth: malaria,

are unquestionably among the most successful of the vector-borne parasites, overcoming the
natural resistance mechanisms of their vertebrate and arthropod hosts, and showing strong
resilience against conventional methods of disease control. This results in more than one million
deaths every year due to this disease. Genetic variability of the Plasmodia and their association
with a relatively small group of mosquitoes provide the key to interpret this success. As sexual
recombination in the Plasmodia, and hence the mechanism insuring a higher degree of genetic
variability, is accomplished in the mosquito midgut, mosquito fitness and behaviour are of
critical importance for the parasite. The concept of genetic engineering technologies as an
alternative method for malaria control is dominated by the notion of manipulation of vector
competence through modification of the mosquito natural immunity against the parasite.1,2
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Here we argue that other traits of anopheline mosquitoes could represent adequate targets
for intervention by genetic manipulation, and might result as effective means for the interruption
of malaria parasite transmission. This argument is encouraged by the recent publication of the
malaria mosquito complete genome sequence and the continuing development of
high-throughput genomic technologies, which everyone hopes will provide in the future the
technological basis to investigate and identify novel targets for intervention.3 However, as a
judicious reminder evoked in the citation opening this chapter, we need to take into account
and relate such technological advances with the grassroots biology of the vectors, hence to a
deeper understanding of their field ecology and behaviour, or our efforts are bound to fail.4 As
many studies on insect transgenesis originate in the laboratory, it is obvious that the transfer of
this technology from the bench to the field requires specific attention lest one ends up with a
mosquito that has lost several of its natural traits.5 It is didactic and perhaps farsighted that
such a reminder comes from the community of scholars studying the fruit fly Drosophila
melanogaster as a model organism (whose genome sequence was completed well before that of
the malaria mosquito), as their intimate knowledge of the biology and genetics of this species is
arguably unparalleled in the animal kingdom.6,7 Intrinsic and extrinsic factors determine
mosquito fitness and vector competence.8 Behavioural traits like host preference, diurnal rhythms
and locomotion affect the uptake and spread of the parasite. The implications of these aspects
of vector biology with respect to malaria transmission and control are now discussed in the
light of the proposed GMO technology for malaria control. Different aspects of mosquito
behaviour are presented, followed by a discussion about whether genetic modification of
behavioural traits might be considered as a potential strategy for disease control radically
different from the strategies based on vector competence.

Vector Olympics
The success of a malaria parasite can be measured by the rate of its spread through a human

community, expressed as Basic Reproductive Rate.9 In practical terms, we measure this through
the vectorial capacity,10 a derivative of the basic reproductive rate (see Box 1). Apart from a
demographic factor expressing the mean longevity of the vector population (p), this equation
also contains a behavioural component (a) which is the frequency of mosquito bites on
humans, which in turn depends on the proportion of the vector population selecting humans
as a blood host. This factor is squared, because the mosquito needs to bite two subsequent
times to transmit the parasite, first to become infected, and second to pass the parasite on to
another human host, after having allowed for the completion of the parasite sporogonic cycle
in the mosquito. This extrinsic incubation time (n) is also dependent on the behaviour of the
mosquito: should she choose to spend a lot of time in environments having favourable
micro-climatic conditions (constant and relatively high temperatures), the development of the
parasite from ookinete to sporozoites will occur faster compared to siblings remaining at lower
ambient temperatures.

Another factor to be considered is the natural susceptibility of the mosquito for parasite
development, expressed as vector competence. This is determined by the genetic make up of
both the vector and the parasite, and possibly explains why only some 60 anopheline species
are suitable vectors for human Plasmodia.11,12 A “good” malaria vector is therefore characterized by
high longevity, a high degree of anthropophily, and a tendency to seek shelter in an environ-
ment with relatively high ambient temperatures while digesting the blood meal, as well as a
high susceptibility for parasite development. Less successful vector species fail to have some of
these characters. Yet, some anopheline vectors expressing a favourable combination of these
parameters, such as species of the An. dirus complex in Southeast Asia, are not among the world
champions of malaria transmission, if judged by the incidence of infections they cause, because
they live in forested areas at the margins of the human environment, hence are not favourably
impacted by human modifications of the natural habitat.13 The degree of sinanthropomorphism,
or anthropophily in its loosest meaning, is therefore another important biological trait insuring
the success of an anopheline species as a malaria vector. This is not accounted for in the
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formulation of vectorial capacity, but it is arguably one of the reasons why the vectors in
sub-saharan Africa champion malaria transmission and have the regretful repute of accounting
for 90% of the world malaria burden.

It follows that strategies for malaria control should be directed to impact some or all of these
factors. Usually this is accomplished by spraying of insecticides that cause reduced longevity or
by the use of insecticide-impregnated bed nets that reduce indoor biting and resting behaviour.
These interventions can cause a reduction in parasite transmission, but have not been shown to
affect the genetically-determined traits of anthropophily and vector competence.

Feeding Behaviour
All anautogenous mosquitoes require vertebrate blood for egg production. Some species are

opportunistic in this behaviour, and feed on any type of blood host, provided sufficient quantities
of blood can be ingested to permit egg development.14 Others, by contrast, have evolved
oligotrophic habits and feed on a limited number of hosts or even on a single host species such
as Deinocerites dyari.15 Most malaria vectors belong to the first category, but several important
vectors feed preferentially on humans. To this group of anopheline mosquitoes belong Anopheles
gambiae sensu stricto, An. funestus and An. nili in Africa and An. fluviatilis species S in Asia.16-20

These species have evolved a strong association with humans by adapting to human habitation
as feeding and resting ground, finding shelter inside people’s dwellings and biting preferentially
at times when the host is asleep.21,22 The acquired endophilic and endophagic feeding behaviours
accidentally enhance the mosquito’s survival because the human home offers a relatively stable
environment with protection from predators and extreme meteorological events. Furthermore,
for endophilic and anthropophilic mosquito species such as An. gambiae s.s. the human host is
always close by, unlike outdoors, where host availability can be haphazard causing the insect to
loose precious energy during host searching, thereby augmenting the general fitness of such
species.22,23 Nevertheless, in specific circumstances, normally-endophagic mosquitoes can bite
excessively outdoors, presumably in response to ambient conditions.24

The degree of anthropophily, i.e., the intrinsic or endogenous preference for feeding on
human hosts, is an important character in the equation of malaria transmission. This character
has a genetic basis, as demonstrated by experiments selecting for higher or lower degrees of
anthropophily than baseline strains in species of the An. gambiae complex (H.V Jamet (Pates),
PhD dissertation, London 2002). The evolution of anthropophily might have followed different
paths in separate species, and at least three processes can be suggested: (i) shift from primitive
simian host preferences, under the assumption that the host profile of monkeys or apes is the
most similar to that of Homo; (ii) preliminary adaptation to the domestic environment; (iii)
exploitation of anthropogenic features of the environment as ecological markers of the most
suitable habitat.25 Mosquitoes exhibit a wide range of host preference, varying from reptiles to

Box 1. The vectorial capacity equation

Vector capacity is the daily rate at which new human infections arise due to the introduction in a
malaria-free area of a single gametocyte carrier, i.e., the malaria multiplying potential in the
human population due to the vector.

ma2pn

c = ———
-ln p

m - total number of Anopheles per person
a - frequency of bites on humans per vector per day
p - vector mean daily survival rate
n - Plasmodium extrinsic incubation duration (in days)
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birds to mammals, and sometimes leading to specialized behaviour such as the anthropophilic
species. From the malariological aspect, the variation in host preference can be complicated
because within anopheline species complexes the host preference can be highly divergent. For
example, the Anopheles gambiae complex consists of seven species,26 of which only Anopheles
gambiae sensu stricto is highly anthropophilic. An. arabiensis can at times feed preferentially on
humans, but is behaviourally distinctly different from An. gambiae s.s. with a greater tendency
to feed on other mammals as well.17,27 This difference has been shown to be mediated by
olfactory behaviour, An. arabiensis responding more strongly to carbon dioxide and less to
human-specific emanations.19 A similar phenomenon is present in the An. fluviatilis and An.
funestus species complexes, where only one species each has a very strong degree of
anthropophily.18,28,29 Thus, closely related sibling species sharing the same ecological niche can
exhibit widely different host preferences. As a consequence, their role as malaria vectors is also
likely to be different. More specifically, in the proposed strategy of release of transgenic
mosquitoes for malaria control30 it is possible that the target species may be replaced by an
incompetent mosquito, but ignorance of the other sympatric sibling species and their potential
role as malaria vectors may result in a continuation of malaria transmission, albeit with reduced
intensity, just as in the case of an incomplete introduced refractoriness.31 Alternatively, the
vector competence of the less suitable vector species may be enhanced by parasite-induced
behavioural changes, for example by enhanced attractiveness of Plasmodium carriers32 or by
repetitive biting of mosquitoes carrying infectious sporozoites.33 For this reason, the bionomics
and behaviours of all potential malaria vectors in the target area need to be considered when
planning a GMO approach for malaria control.

Host Abundance and Vector Behaviour
The anthropophilic malaria vectors have developed a strong association with their human

hosts. In uninhabited regions and nature reserves that are situated in habitats suitable for these
vectors, these species are absent. For instance, the Kruger National Park in South Africa is
devoid of An. gambiae s.s., while the sibling species An. arabiensis and An. quadriannulatus are
widely present, feeding on the abundant wildlife.34,35 In lowland rainforests An. gambiae s.s. is
mostly found near human settlements, being absent in remote forests presumably due to lack
of suitable hosts (M. Coluzzi, personal communication). Because humans provide the principle
food source for the anthropophilic anopheline species, the transmission of human malaria
parasites between humans is reinforced by the specialised feeding habits of the vectors. The
density of the human population is rarely considered a factor that inhibits malaria transmission. It
is not known how many mosquitoes can feed on one human host, but there is no evidence of
density dependence in the population regulation of the African malaria vectors.36 Estimates of
anopheline numbers in an African village suggest that it was not the number of humans that
determined the mosquito abundance in the village.37,38 It has been suggested that zooprophylaxis
might be a means for diverting mosquitoes to alternative hosts and thus reducing the human
biting rate. Although this idea has been shown to work in Asia,39,40 the African vectors cannot
be sufficiently diverted to serve as effective tool for malaria control.41

For the vectorial capacity, however, human density is an important parameter because the
human biting rate (ma) is determined by both the mosquito density and the human popula-
tion density. Thus a high mosquito density with low human abundance may result in higher
vectorial capacity than in a situation with median or high human abundance.10 At present,
only in urban settings with a high human density per km2, can the figure of human density
cause for sufficient dilution to affect the vectorial capacity negatively.42

Synchronization with the Host Habits
The synanthropomorphic anopheline mosquitoes have not only adjusted to the human

environment, having developed endophagic and endophilic traits, but they have also adopted a
feeding habit convergent with times when the host exhibits the least defensive responses. These
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anophelines blood feed between midnight and sunrise, a time when the host is usually asleep.21,43

This enables the mosquitoes to complete their blood meals undisturbed, as during sleep the
host defensive responses are likely to be small and ineffective. It is perhaps for these reasons that
the use of insecticide-impregnated bed nets has been highly successful in Africa, at least in
those areas where such nets have been introduced (many areas have not yet been given access to
such nets), because it prevents the mosquitoes from biting when the hosts are not available,
being protected by a physical barrier.44

Other Factors Affecting Vector-Host Contact
The development of the malaria parasite in the mosquito vector requires 10-14 days under

tropical conditions. During this time, the insect will pass several gonotrophic cycles. Each cycle
is initiated by a blood meal, after which the insect enters a resting stage in which its behaviour
is significantly modified, with no response to host odours.45 The suppression of host-responsive
behaviour during this time serves to enhance the completion of egg maturation at a time when
the insect should be left undisturbed. The traditional African mud house offers an ideal
environment for this purpose, providing a dark and relatively moist environment. Malaria
vectors with an opportunistic feeding preference tend to spend less time indoors, and complete
the gonotrophic cycle elsewhere, where they are more exposed to environmental extremes.

Implications of Vector Behaviour for Malaria Transmission
The behaviours discussed above all contribute to enhance the transmission of malaria parasites,

and it has been shown that those mosquito species with strong anthropophilic habits are highly
effective malaria vectors. When considering effective intervention strategies for interruption of
malaria transmission using GMO techniques, several behavioural aspects can be considered.

About ten years ago, Curtis46 proposed that malaria vectors could be rendered zoophilic
through manipulation of their genome by introgressing genes for zoophily between closely
related species like the sibling members An. quadriannulatus and An. gambiae s.s. of the gambiae
complex. The host preference is a genetic trait that may be modified, depending on the intensity of
malaria transmission. In India, much of the malaria transmission is caused by An. culicifacies, a
complex of sibling mosquitoes with mostly zoophilic species. Many of these mosquitoes bite
outdoors and rest in cattle sheds. In spite of this behaviour, malaria is widespread in India, and
only indoor spraying or the use of insecticide-impregnated bed nets have shown to reduce
transmission effectively.47 Anopheles darlingi is an important vector in South America. This
species, too, is zoophilic, but can at times become associated with human settlements where it
can efficiently transmit due to its high biting densities.48,49 However, the force of malaria
transmission in regions where the main vectors are mainly zoophilic is generally much lower
than where vectors are highly anthropophilic, and reduced entomological inoculation rates
increase the likelihood of good impact on epidemiological parameters such as malaria morbid-
ity and mortality by traditional vector control methods. By contrast, the two most important
malaria vectors in Africa, An. gambiae s.s. and An. funestus, are highly anthropophilic, endophagic
and endophilic. Current control methods based on insecticide-impregnated materials where
these anthropophilic vectors are present have usually had a significant impact on malaria
mortality, but generally much less spectacular results on malaria morbidity.44 In the African
continent, the force of transmission is too high to achieve its interruption, or for endemicity to
be destabilized.50 It can be inferred, therefore, that for a genetic strategy based on manipulation
of anthropophily to be successful, the level of penetration of the induced zoophilic trait must
be complete, otherwise transmission will not be interrupted solely by partial zoophily.

It is worth distinguishing between obligate and facultative zoophily (S. Torr, C. Costantini
and G. Gibson, unpublished data). Among the constraints posed by the maintenance or
residual anthropophily in a facultative zoophilic vector, is the general trend for urban malaria
to become the predominant epidemiological facies of the disease in Africa during the next
century.51 In the urban environment, the lack of nonhuman hosts favours human-vector
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contact by disallowing the normal expression of the zoophilic tendencies of the vector. Cases
are known of malaria resurgence following the disappearance of the main nonhuman hosts of
zoophilic vectors. In the Guyana, An. aquasalis, a mostly zoophilic species, shifted to biting
humans and caused a malaria epidemic in Georgetown after the replacement of its main host,
buffaloes used in the culture of rice, with mechanical equipment.52 Nevertheless, integrated
vector control management with existing technologies can greatly benefit from a population of
vectors whose degree of anthropophily is less. Examples of successful vector control with
zoophilic vectors are described in.39,53,54

Behavioural Genetics of Vectors
The biological basis of animal behaviour is well established: behaviour is often species-specific,

it can be reproduced or altered in successive generations, it can be changed in response to
alterations in biological structures or processes, and it has an evolutionary history that can
potentially be traced in the genome of related organisms. The debate of the relative importance
of nature vs. nurture in the ontogeny of behavioural repertoires has animated the early days of
ethology when this science was still a novel scientific discipline. Nowadays, the genetic bases of
behaviour cannot be denied, and the challenge for scientists in the post-genomic era is to find
and disentangle the complex interaction between genes and environment at several levels of
organismal organization, i.e., from the molecular interaction between stimuli and their receptors
to the integration of an individual’s behaviour in populations and ecosystems.

Evidences for a genetic basis of host preference are provided by three sources of information:
selection experiments association between chromosomal polymorphism and feeding behaviour55

and indirect evidence from behavioural bioassays in standardized environments56 (H.V. Jamet
(Pates), W. Takken and C.F. Curtis, unpublished data). Host preferences in malaria vectors
have been shown to be already expressed early on in the behavioural sequence leading a
host-seeking mosquito to its preferred host, when olfactory responses to host volatiles play a
key role in the behavioural repertoire of the foraging mosquito.57 The suitability of a host is
therefore ‘judged’ by the profile of odorants emitted by the host. Alteration of the perceived
host profile can result in the nonacceptance of the host by the questing mosquito. By manipu-
lating the perception abilities of mosquitoes for key host volatiles, it might be possible to alter
their expression of host preference. Thus, genes coding for key receptor molecules (e.g., odorant
binding proteins), or promoters of receptor sensitivity are candidate targets for genetic
manipulation of host preference.58

Genetic Manipulation for Behavioural Change?
Strongly anthropophilic mosquitoes are considered good disease vectors because of the close

association with the human host (see above). For this reason, classical methods of vector
control have been directed to either vector killing, for example with residual insecticides on
resting sites, or prevention of mosquito bites by placing the human host under a bed net. If the
bed nets are impregnated with insecticides, such nets may also result in killing mosquitoes that
land on the net, although this method does not affect the entire mosquito population.59

Mosquito species with a more opportunistic taste for blood will be present in higher densities
compared to anthropophilic species in order to cause a similar degree of transmission intensity
as their anthropophilic cousins. Manipulation of the host-preference trait in malaria mosquitoes
could render them less anthropophilic or even completely zoophilic, as many of the non-
malaria vectors are. For instance, in tropical Africa An. coustani and An. ziemanni are both very
common animal biters, occurring in high densities. Yet, these species have never been considered
a vector because of their zoophilic nature. The publication of the genome of An. gambiae s.s.
and the recent discovery of An. gambiae specific olfactory receptor genes58,60 suggest that it
might be possible to manipulate the odour recognition of this mosquito so that the anthropo-
philic trait is modified or even made extinct. It is not to be expected that mosquitoes that have
thus been manipulated, will revert to anthropophilic behaviour because there are usually more
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animal feeds available than those on human. It is also likely that changes in the local ecosystem
will render the survival chance of anopheline mosquitoes less favourable, leading to enhanced
mortality or reduced adult population density. Small changes in human biting habits (parameter a,
Box 1) and mosquito survival (parameter p; Box 1) can have a large impact on the vectorial
capacity, thus effectively contributing to malaria reduction. These proposed changes will be less
dependent on the use of genetically modified mosquitoes and therefore may be more
acceptable for environmental and sociological reasons.4 It is even conceivable that behavioural
modifications can be achieved by classical selection and hybridization.46 The factors that drive
the ecology of vector behaviour and population dynamics are still poorly understood, and
should be more fully explored to exploit these characters for malaria control.

Although the genome of An. gambiae has been identified, most of the genes that control the
insect’s behaviour and physiology need to be discovered. Until such information becomes
available, the potential use of GMO technology other than that based on modification of
vector competence,61 remains speculative. Even then, the evolutionary forces that have resulted
in the current genetic traits of the mosquito are likely to kick into higher gear to counteract the
intrusion of new genetic material. For this reason we argue that ecological studies on this
important group of insects, in their native habitat, should be increased to better understand the
often unpredictable behaviours of entire vector populations in response to their environment.
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CHAPTER 12

Genetically-Modified Mosquitoes for Malaria
Control:
Requirements to Be Considered before Field Releases
Yeya T. Touré and Bart G.J. Knols*

Abstract

The technical feasibility of the development of transgenic mosquitoes highly refractory
to (rodent) malaria parasites has been demonstrated in the laboratory. Following this
proof of principle, genetic control of vectors could have an important role to play in

the interruption of transmission of human malarias, if the main developmental and imple-
mentation challenges are adequately addressed. These include the establishment of a proof
of efficacy and safety for humans and the environment in carefully controlled and contained
environments. Prior approval by authorized biosafety, regulatory, and ethical review bodies
needs to be obtained before experimental releases. In addition, there is the need to ensure the
public and the media that this process is desirable, feasible and can be accomplished safely.
Moreover, an appropriate implementation and capacity building plan would increase the chances
of making this approach a control method applicable for public health purposes. Analysis of
current and anticipated future views of a variety of critical stakeholders enables the provision of
a framework that facilitates the transition of research findings from the laboratory to the field.
A coordinating mechanism to closely monitor and guide this transition process will be
instrumental in furthering developments to fully evaluate the public health potential of
this approach.

Introduction
Mortality and morbidity from malaria remain high despite a global commitment to its

control.1,2 Several reasons including poor implementation of interventions, development and
spread of resistance of parasites to antimalarial drugs and of vectors to insecticides, besides
insufficient human resources, have been shown to contribute to this high disease burden.3

Malaria prevention relies mainly on vector control/personal protection measures and
chemoprophylaxis. The vector control methods mostly used are indoor residual spraying of
insecticides and the use of insecticide-treated bednets or curtains. In many settings, these strat-
egies face implementation and sustainability problems.4

As the actual control methods and strategies are being applied for malaria prevention, it is
crucial to continuously look forward for their improvement and for the development of new
and innovative ones. In this regard, on the basis of the progress made in molecular biology and
in biotechnology (e.g., genetic modification of Drosophila5), it was thought that the time is ripe
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to explore the feasibility of interrupting malaria parasite transmission through the genetic
modification of its vectors.6

The technical feasibility of the development of transgenic mosquitoes with impaired ability
to transmit (rodent) malaria parasites has been demonstrated in the laboratory. Anopheles gambiae
(Giles) has been genetically modified and Anopheles stephensi (Liston) was made highly
refractory to Plasmodium berghei growth and transmission.8 These achievements open an
avenue for potential contribution of genetic modification of vectors to malaria control. How-
ever, challenges about the complete development of the method, its implementation and pub-
lic concerns remain to be addressed and should provide an evidence base for policy decision,
which would facilitate this approach to become a tool for use in public health for malaria
control. Consequently, lessons are to be learned from the genetically-modified food debate9

and previous genetic control trials of vectors in El Salvador10 and India.11

Here we analyse the issues and challenges to be considered before field releases and
highlight how these could be addressed.

Developmental Challenges
The biotechnological challenges about the development of the control method include

issues such as developing and evaluating appropriate effector gene constructs, devising and
testing suitable gene driving systems, assessing the spread of the foreign genes and fitness im-
pacts on mosquitoes. In addition, a much more challenging undertaking is to provide a proof
of efficacy and safety for humans and the environment of the method under laboratory and
semi-field conditions.

A major concern about the development of transgenic mosquitoes for malaria control is
represented by unexpected biological changes, which could affect their transmission capabilities.
The transgenic mosquitoes must remain comparable to their field counterparts with the only
difference that they would have gained the ability to prevent malarial infections. But in addi-
tion, they would not be expected to be able to transmit other pathogens such as filarial worms
or (arbo)viruses.

In order to address these issues and reassure the public, studies need to be conducted on the
efficacy, bio-safety and risk/benefit evaluation through long-term efforts to clarify the scientific
uncertainties under different experimental conditions.12-14 This activity is best undertaken in
partnership between researchers from developed countries and from disease-endemic countries.15

In addition, the participation of the public and the media is also highly recommended. A
sound basis for collection of data on vector biology, ecology, behaviour and genetics addressing
efficacy and safety in the field would also need to be provided.16 Moreover, there is the need to
develop criteria to identify and prepare the field sites earmarked for anticipated releases. There
should be prior environmental and health studies for site selection, and based on these data the
most appropriate sites should be chosen. Guidelines and principles would need to be developed on
the design and performance of efficacy and minimum risk field research. Criteria and test
methods for environmental monitoring are also required.

An appropriate safety assessment and management would represent a sound basis for policy
decision. Its conduct would need the identification of scientific principles and practices for
undertaking safe laboratory experiments and field trials with genetically-modified mosquitoes
following Good Developmental Practices (GDP).18-19 In addition, it needs to include
mechanisms to provide the public with information about the bio-safety assessment results
and ensure the information reaches the communities and decision-making bodies.

Public Concerns and Implementation Challenges
Important achievements have been made in biotechnologies, which could potentially be

used for malaria control. However, the public in general and particularly in disease-endemic
countries (DECs) is not sufficiently informed about the potential and the process of develop-
ment of new technologies such as genetically-modified mosquitoes. This information
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gap affects the capability of the public and policy makers alike to fully judge the efficacy and
safety of genetically-modified mosquitoes for humans and the environment and to make
informed decisions about their implementation for malaria control. Currently, the public in
disease-endemic countries, as future end users of this approach, are insufficiently involved in
the adoption process with the imminent risk that it may ultimately use its power to reject it.
Consequently, mechanisms need to be developed for information exchange, for addressing
public concerns and for using standardized regulations world wide in a coordinated manner.20

As a first step, it is necessary to set up mechanisms for improved communication, provision
of adequate means for information dissemination and collaboration between the researchers,
the public and the media. An adequate translation of scientific knowledge to the public and the
media is highly desirable. The information should be openly provided as broadly as possible in
a reciprocal process.14 This procedure would ensure an appropriate flow of information
exchange and feedback, which would result in raising public awareness, addressing concerns
about potential environmental and human health risks and building public confidence in the
scientific results. It will also provide means to the public to be sufficiently knowledgeable to
make informed decisions about the merits of deploying such programmes in their communities.

Another necessary step would be to bring all parties together on common ground that can
lead to objective, scientific, legal, ethical and social-based decisions by policy makers, whilst
bearing in mind that most people may not trust the scientific efficacy and risk analyses.

Ethical, legal and social issues (ELSI) of the use of genetically-modified mosquitoes need to
be fully addressed in order for the community at large to adhere to the principle of their potential
implementation. For this to be achieved, it would be necessary to integrate with the scientific
studies those legal, ethical and social factors that are relevant to the use of genetically-modified
mosquitoes and ensure that all parties with legitimate concerns have mechanisms for including
their input into the proposed genetic control programmes. In addition, it is necessary to
engage the end-users in the choice of sites and plans for deployment, in clear and
legally-appropriate concepts of informed consent, in promoting an understanding of the real
measures of success for the programmes. Moreover, consent should be obtained from the com-
munities involved and the mechanisms to obtain individual and group consent need to be
specifically developed for public health interventions based on genetic vector control concepts.
The data should be made open to all so that it can benefit from global expertise and develop an
international consensus.14

The safety assessment plan during the implementation phase would need to establish the
development of science-based evidence for policy and procedures for the assessment and
management of potential risks. Moreover, it will aim at minimizing the potential adverse
human and environmental consequences. More specifically, it will have to anticipate detrimental
effects that might follow the release of genetically-modified mosquitoes during experimenta-
tion. It would also need to design monitoring systems for the early detection and evaluation of
adverse outcomes, and plan interventions strategies, so that new information can be gathered
and interpreted to avert and if necessary remedy adverse health or environmental effects.21

Guidelines are needed for assessing dispersal, contingency measures and site rehabilitation.
The approval of the implementation plan of genetically-modified vectors as a control strat-

egy should be based on a proof of efficacy and safety properly established and approved by
authorized bio-safety regulatory and ethical review bodies before any experimental release.12-14

The information necessary for legal and regulatory approvals should be gathered and should
include a complete documentation for bio-safety and ethical review. The requirements necessary
for national and local authorities’ approvals should also be addressed. The development of
guidelines and regulatory procedures would help the researchers and the countries to define a
common ground to deal with the issues about the processes for potential approval of the
implementation of genetically-modified mosquito-based vector control.
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Capacity and Partnership Building and Coordination Mechanisms
In order for DECs to be fully involved in undertaking the evaluation and potential imple-

mentation of genetically-modified mosquitoes as a control tool, there is the need to enhance
their capacity, build partnership and set up a coordination mechanism. Investigators would
need to receive funding for research and training to undertake activities for collecting data on
the vector biology, ecology, genetics and behavioural ecology of the vectors. They would need
to be trained for monitoring and managing safety procedures for human health and for the
environment, for evaluating risk/benefits and for managing regulatory and ethical principles.
DECs need to be helped to create and manage institutional/national bio-safety and ethical
review boards. There would also be the need for promoting South-South and North-South
research collaboration based on well-defined ethical and scientific standards.22

The complexity of issues related to genetically-modified mosquito development and
implementation requires a multi-disciplinary effort, which would need an international
coordinating board. It will focus on the broader dissemination of scientific progress to stake-
holders, the facilitation of collaborative efforts and partnership strengthening within and
beyond the scientific community and the mobilization of financial resources for the funding of
developmental and implementation plans.

Conclusion
The technical feasibility of genetically-modified mosquitoes highly refractory to rodent ma-

laria parasites has been demonstrated under laboratory conditions. However, there are
developmental and implementation challenges to be addressed before this method can be used
as a public health tool. The public perception about the use of genetically-modified mosquitoes
varies from fear and refusal to hope and concerns, because of uncertainties and information
gap. For this reason, there is a need for careful and thorough assessment of efficacy and safety
and addressing properly the public concerns before possible implementation. There is the need
to provide adequate means for information dissemination, communication and collaboration
between the researchers, the public and the media such to raise awareness and address concerns
about possible environmental and human health risks. Ethical, legal and social issues of the use
of genetically-modified mosquitoes need to be fully addressed in order for the community at
large to appreciate value and endorse the principle of their potential implementation. The
implementation of GMM needs public acceptance and appropriate plans for monitoring and
managing potential risks over time under well defined regulatory, capacity building and
coordination mechanisms.

A meeting, jointly-organised by WHO/TDR, IAEA, NIAID and Frontis (Wageningen
University, The Netherlands), held in Nairobi in July 2004, focused on the above issues and
developed the following seven recommendations:15

1. Genetic modification of insects could be used to control vector-borne diseases, yet will
depend on solving several critical components of the approach, i.e.,
• Optimising currently available transformation systems;
• Identification of additional endogenous and/or artificial effector genes, conditional

lethals and novel phenotypes;
• Identification of tissue-specific promoters for such systems.

2. Develop techniques for driving effector genes that interfere with disease transmission into
wild insect populations, i.e.
• Research on the genetic stability of effector and drive mechanisms and their associated

fitness costs.
3. Studies on vector field populations with respect to potential future releases of genetically-

modified mosquitoes, i.e.,
• Understanding male mosquito biology and particularly the factors affecting mating and

competitiveness under field conditions;
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• Development of models to define threshold levels in terms of system efficacy in order to
attain maximum epidemiological impact in both spatial and temporal dimensions;

• Characterisation of field sites and field populations that should include the establishment
of relationships between transmission intensity and disease outcome.

4. Development of processes dealing with the ethical, legal and social issues (ELSI) of the use
of genetically-modified mosquitoes, i.e.,
• Any genetically-modified mosquito approach must result in a predictable and positive

public health outcome;
• Development of guidelines and principles for minimum-risk field research that includes

environmental risk management.
5. Enhanced involvement of scientists and institutes in DECs. As frontline stakeholders in

this endeavour, the roles and responsibilities of DEC scientists should increase and be based
on equitable partnership development.

6. Inclusion of genetically-modified mosquitoes in disease control programmes, i.e., research
that focuses on the inclusion of genetically-modified mosquito approaches within the broader
framework of malaria vector control. Integration of genetically-modified mosquitoes into
integrated vector management (IVM) programmes will need to be considered.

7. Coordinating and follow-up mechanism for genetically-modified mosquito research and
implementation. Considering the complexity and multi-disciplinary nature of this endeav-
our, the establishment of a coordinating board was recommended. This board should over-
see research developments and drive the broader dissemination of research results to stake-
holders and facilitate collaborative research and partnership strengthening within and beyond
the scientific community.
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CHAPTER 13

Ethics and Community Engagement
for GM Insect Vector Release
Darryl Macer*

Abstract

The ethical, social and legal issues raised by the release of genetically modified insect
vectors in public health need to be considered in depth at an early stage in the develop-
ment of protocols to field test GM insects. This chapter also examines the use of GM

technology applied to mosquitoes for malaria control in general. There is a need to engage the
community and have two way communication between researchers, policy makers and local
communities in order to find whether each particular community will want to have a field trial,
the nature of the concerns they have, and the ways that can be designed to involve communi-
ties as partners in trials.

The Ethics of Disease Prevention
This chapter will examine the ethical issues that underlie efforts to control human disease,

modify vectors, modify the environment and methods to seek community support. There is
global support for the efforts to improve existing and develop new approaches for preventing,
diagnosing, treating and controlling infectious diseases that cause loss of human life.1 The
ethical principle that lies behind the idea of preventing, treating and controlling disease is that
human life should be protected. We can debate what are the most ethical measures for achiev-
ing these goals, including the extent to which risks to human health, damage to the environ-
ment and other living organisms, and economic costs are balanced in societies that have a range
of worldviews and social structures.

Certain principles basic to resolving ethical dilemmas can help decision makers make more
informed policy decisions. The principle that we should love the life given to us (self-love)
implies that each person should be given autonomy (self-rule) to work out how to balance the
ethical dilemmas and choices themselves. The Universal Declaration of Human Rights of 1948
specifically set as a baseline that all human beings possess equal rights, and should be given a
chance to exercise their autonomy. One of the fundamental human rights is a right to health,
and working towards giving every person a chance to grow up free of disease is the ethical
foundation of public health. If a person does not possess some basic level of health, he/she
cannot even face many of the choices commonly accepted as normal. Poverty also restricts the
choices of many people,2 especially in areas faced with infectious insect borne diseases.

Justice simply means that if we want others to recognize our autonomy, we have to recog-
nize theirs as well. There are at least three different meanings of the concept of justice: compen-
satory justice - meaning that the individual, group, or community, should receive recompense
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in return for contribution; procedural justice - meaning that the procedure by which decisions
about compensation and distribution are made is impartial and includes the majority of stake-
holders; and distributive justice - meaning an equitable allocation of, and access to, resources
and goods.1 There are ethical questions about how a society should represent procedural justice
when there are major divisions within the society on particular issues, as we find in many
countries with debates over the use of genetic engineering. The process of consensus building
and reaching common ground may be preferable for many cultures rather than confrontations.

At present there is great inequality between rich and poor nations in the direction and
priorities of research, and in the distribution of and access to benefits that might come from
this research. Under any ethical theory, the presence of diseases that threaten the lives of not
just one but more than a billion people worldwide provides a compelling need for efforts to
eradicate the diseases. There is wide diversity in the risks that members of each community face
from infectious diseases due to: individual genetic variation in resistance to infectious disease
agents; a person’s nutritional state and immediate environment; a family’s economic situation
with respect to providing barriers to vectors and disease; access to both preventative and thera-
peutic medicines. These variations can be regarded as a type of lottery. Working towards better
global equity is a goal that attempts to even out the lottery that people are born into. This is
ethically mandated by Rawlsian justice,3 which argues that efforts should be made to minimize
the variation in all social factors because no one knows before they are born into which situa-
tion they will be born, so everyone would wish for equal opportunity and equal exposure to
risk. All should have a chance to be born and grow up in an environment free of infectious
diseases, if that can be achieved.

The ethical principle of beneficence supports the development of science and medicine,
and its provision to those who suffer. A universal ideal found throughout human history is that
it is better to love doing good things than bad things, and to love our neighbour as ourselves.4

Humans have used technology in efforts to make their lives easier and better for thousands of
years, and the ethical principle of beneficence argues that we should continue to make life
better. This ethical principle is based on the general motivation inside people to love doing
good rather than harm, and may be expressed as love or compassion.5 Efforts that work for the
betterment of others in society have a universal moral mandate.

The ethical principle of non-maleficence, or do no harm, would make us reasonably cau-
tious about premature use of a technology when the risks are not understood. Recently some
have advocated a total precautionary principle for genetic engineering, which would mean that
no technology with more than 0% risk should ever be attempted.6 This has also entered the
Cartegena Protocol on Biosafety, which is an International Legally Binding Agreement that
regulates international movement of living modified organisms (LMOs).7 Because no human
action has 0% risk, the principles of both benefit and risk are used to assess technology and are
central to any public health program.8

The ethical issues raised by biotechnology are commonly termed bioethics dilemmas, al-
though when we examine the actual moral questions they may not be so novel and are often
related to areas of applied ethics that were debated long before we had modern biotechnology.9

There are several basic theories of ethics. The simplest distinction that can be made is whether
they focus on consequences, actions or motives. Consequential arguments are the criteria ap-
plied to assess the ethics of biotechnology applications, i.e., whether they contribute to the
greater good by improving the well-being of all. Consequential arguments state that the out-
come can be used to judge whether an action was ethically correct or not. An action-based
argument looks at the morality of the act itself, so that the actual action to cause harm itself is
an unethical action regardless of the consequences or motives. Motive-based theories of ethics,
including virtue-based ethics, judge an action based on the motivation of the action. For ex-
ample, if the act was done with good intentions or not. Another separation that is used is
between deontological theories, which examine the concepts of rights and duties, and teleo-
logical ones, which are based on effects and consequences. If we use the image of walking along
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the path of life, a teleologist tries to look where decisions lead, whereas a deontologist follows a
planned direction.

The objects and subjects of ethics can be viewed in terms of ecocentric, biocentric or an-
thropocentric concerns. Ecocentric concerns, that value the ecosystem as a whole, are used
when expressing environmental concerns. The reverence for all of life10 can apply to the whole
ecosystem or to every member of it. Biocentric thinking puts value on the individual organism,
for example one tree or one animal. Anthropocentric thinking is focused on the human indi-
vidual. There is a trend for more ecocentric views to be included in recent legislation, with
protection of ecosystems for their own value. While it can be useful to isolate distinct issues, as
will be done in this report, it is not realistic to separate human/nature and social interactions.
This is because almost all of human life is a social activity, involving many relationships with
people and the ecosystem. Different ethics are implied when human activity, e.g., agriculture
or urbanization, attempts to dominate nature or to be in harmony with the environment.

Despite the fact that there are a variety of definitions of health, disease, disability, and what
is a meaningful human life, working to alleviate disease and empower individuals to reach their
potential are universal goals for the progress of humankind. The basic ethical principles of
autonomy, justice, beneficence and non-maleficence can be applied to help decision-making in
a range of bioethical dilemmas in medical and environmental ethics. There is some debate over
whether further principles can always be derived from these over the precise terminologies in
each field,11 but the general consensus is that these four principles are fundamental in a range
of cultures.12,13 The emphasis on individuals may be questioned more in developing countries.
There are also theories of ethics based on community, which argue that individuality, autonomy
or rights of a person are not suited to the community structure of society.

Ethics of Genetic Manipulation
There is a long history of altering the behaviour of disease vectors so that they cannot

transmit pathogens to humans.14 Previous chapters have discussed the scientific background.
Insects have also long been the targets of attention in agriculture as well as in medicine. While
there are few intrinsic ethical concerns about killing insect pests, as discussed below, ecocentric
approaches to ethics do raise some objections to modification of ecosystem components, and
these need to be taken more seriously.

People of all cultures have developed biotechnologies as they live together with many spe-
cies in the wider biological and social community. A simple definition of biotechnology is the
use of living organisms (or parts of them) to provide goods or services. Over five millennia of
classical plant and animal breeding have seen the emergence of agricultural societies, and mod-
ern biotechnology is built on that. Since the mid 1990s, foods produced from genetically
modified organisms (GMOs) have been sold in a growing number of countries.15 There has
been fierce international debate over the environmental and human health aspects of GM
foods, but no harmful effects of GM foods on human health have been shown scientifically
until now.16 There still remain doubts in some quarters though on how we could detect if there
were any affects, and precaution is applied to avoid involving known allergens in GM food.
There is almost no practical scientific measure available to measure the long term effects of any
foodstuff because most people consume such a variety of foods and substances. There was
concern over StarLink Corn that was only approved for animal consumption entering the
human food chain, so that the policy was changed to only approve varieties of plants for animal
consumption if they will also be approved for human consumption. The US FDA concluded
an investigation, however, that despite claims of allergic reaction, there were no adverse human
health reactions.

There is greater concern over the environmental impact of gene transfer in the environ-
ment, and these include concerns about cross-pollination of wild relatives of rapeseed to fears
of gene transfer between maize in areas of genetic origin, such as Mexico. A number of govern-
ments have considered the issues and concerns people have raised about genetic engineering,
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and there is a wealth of useful material on the pros and cons in the reports and submissions
made to them.17,18 Reports have also been made by independent organizations on the ethical
issues.19 With the emergence of genomic sequencing, we now have the DNA sequence of
human beings, dozens of pathogens, and some disease vectors e.g., Anopheles gambiae.20,21 It is
therefore not surprising that molecular entomology, the study of DNA and the proteins it
encodes in insects, is emerging as a serious scientific approach for insect control.22,23 Social
factors need to be carefully considered.1,24 While there is debate over the use of funds to com-
bat infectious disease using genomics and biotechnology as opposed to implementing practical
measures to curb vectors and pathogens in the field,25 it is hoped that the former approach will
be a major strategy in the future.26,27 A common way to insert DNA for genetic transformation
of insects is to use transposons or viruses.28 A number of papers in this book describe the
advances that are being made in this field. Most attention has been given to efforts to geneti-
cally transform insects in the laboratory, and to test their behaviour before releasing them into
the environment. A mechanism that would safely spread the gene among vectors in the wild is
the objective of these studies, except for the approach using sterile insects. Effector mechanisms
are needed to drive the effector system into the vector population,29 which raises more ethical
issues about the safety and desirability of changing the entire vector population, and possibly
related species.

The conclusions of studies of ethical issues inherent to the process of genetic engineering
compared to traditional methods of animal and plant breeding, are that the only significant
differences in the process are the more precise control of genetic engineering and whether the
DNA involves cross-species gene transfer that does not occur in nature.1,9,19 One of the key
questions is whether there is an intrinsic value of genetic integrity at an organism and ecosys-
tem level that humans should not change. There are some persons in some communities that
place intrinsic value upon native fauna including insects, however the way that they do would
require well designed research to investigate. We should also note that cross-species DNA transfer
does occur in nature between all species, even of different kingdoms, and that the genomes of
insects are subject to genetic flux in nature. In this sense, because the DNA change can be
precisely designed, an actual targeted genetic change through genetic engineering should be
safer than a natural change because it is more under control. However, issues of control are
raised if a ‘transposable element + allele of interest’ are inserted, especially when the strategy is
for wide spread of this in the wild.

Given the results of public opinion surveys that find opposition to cross species gene trans-
fer,30,31 if the DNA change is made using DNA within the same species entirely, then this
concern can be removed. In this way of thinking there may not be any new intrinsic ethical
dilemma from the modification of DNA structure in genetic engineering as it simply mimics
the natural ways organisms use to change genetic structure. However, the scientific details of
the targeting process, and the intentional nature (the issue of control of nature) are important
for some persons. There may be a distinction between use of a naturally occurring DNA se-
quence that was transferred between species to the use of an artificially designed novel se-
quence, although from a chemical point of view these are both DNA sequences producing
peptides. For GM mosquitoes the idea is more to introduce an artificial piece of DNA that will
lead a peptide. This one will then render the mosquito able to kill/ block the parasite.

Mosquitoes and Animal Rights
Another concern in ethics when discussing animals is their capacity to suffer or feel pain. If

insects do not feel pain or sense feelings, then the most prevalent ethical approach for animals
would argue that there is nothing intrinsically wrong in manipulating them.32 Given what we
know about mosquitoes in this approach they would have no moral rights. However, if we
consider the idea of making so-called vegemals, animals that do not feel pain, we are still
manipulating life for human purposes without considering the interests of the animal.33 The
concern is that living organisms should not merely be treated as a means to the ends desired by
humans. There are also extrinsic values placed on some animals by human society, but I do not
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know of any which place special value upon mosquitoes. There are biodiversity concerns about
endangered animals in general, some of which are expressed in the Convention on Biological
Diversity.

Another argument used in these discussions concerns the telos (purpose) of an organism. A
teleological explanation describes phenomena by their design, purpose, or final cause. Teleol-
ogy is the branch of moral philosophy dealing with the cause and effect of an action, the belief
that there is purpose and design in nature, and consequently, with the belief in the existence of
a Creator. There are concerns that the ability to alter the telos of an animal has profound
implications.34 If one believes that every organism has a purpose, then the telos is an intrinsic
concern, and genetic engineering alters the telos or ‘being-ness’ of an organism. However, it is
debatable whether changes and control through genetic engineering are significantly different
from changes made by humans to animals and plants in farming and modern life. It is basically
an issue of human control of nature, and there is debate over the extent to which humans
should control nature.9,35,36 If we consider this issue in a historical context, we see that humans
in many affluent cultures have controlled nature in significant ways, e.g., by concrete river
banks, irrigation and sanitation projects. However, especially in some developing countries,
limited resources have meant that control of nature has been less. However, sociological evi-
dence has found that a number of people object to human control of nature, regardless of
whether it poses a risk.30

While perhaps only followers of the Jain religion in India regularly refrain from killing
insects that are human pests, there are still some people who may object to killing mosquitoes.
It is not known if manipulating the insects so that they would not be a human pest and would
still remain a species in the ecosystem would be more acceptable to persons with these ecocentric
world views than traditional methods of insect control that attempt to eradicate a whole insect
population, often affecting a number of insect species. However with GM mosquitoes built to
resist malaria infection the idea is more to kill the parasite inside the mosquito rather than
killing the mosquito as this technique consist of replacing a vector population by a non-vector
population. Moreover it is very likely that before any field test or release of GM mosquitoes,
insecticides will be used before to reduce the local population to facilitate the success of the
GM mosquitoes. So some killing will still be involved.

Those who subscribe to an ecocentric viewpoint might argue that the ecosystem as a whole
would benefit from an intervention that left the mosquitoes in the ecological community, with
the elimination of the disease-causing pathogen from the vector, if the alternative was eradica-
tion of the vector species. In this case the total number of species affected by this type of genetic
modification of vectors would be significantly less than the number of species affected by use of
insecticides.1 However, there are still those who believe there should be no human modifica-
tion of the ecosystem. This actually should argue that there should be no direct or planned
modification of an ecosystem by humans, since human activity modifies almost all ecosystems,
including those where humans are not directly a component member.

Community Engagement and Environmental Risks
The process of community engagement has several goals, as developed recently in human

genetic studies.37 It should approach a broad range of members of the communities for partici-
pation in a two way process of information exchange to share with investigators their views
about the ethical, social, and cultural issues the scientific project raises for them, their immedi-
ate communities, and the broader communities and populations of which they are a part. It
should provide input that may modify the disease control mechanisms and approaches that
will be adopted. It should provide extensive information about the project so that the decisions
of individuals about whether or not to support their community involvement would be better
informed. It also will be expected to continue throughout the trials, including sharing findings
from studies conducted.
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There will be expected to be negligible human risks from the trials of GM insect vectors,
but still consent should be considered. Firstly, let us consider environmental risks of a trial
because the GM insect vectors may represent potential harm to other members of the biologi-
cal community as well as other members of the human community. Globally people vary in the
importance they ascribe to the environment, or parts of it. Especially in areas where more
traditional world views are found, we may see greater value given to parts of the environment
that are forgotten in the modern industrial mindset. We also see variations between persons in
all cultures as to their images of nature and what is life.30 Some people are willing to sacrifice
themselves for the environment. Examples such as the preservation of sacred groves in India for
thousands of years, even during times of severe crisis and human death,38 show that in some
cultures almost all people are willing to die rather than damage that part of the environment
they cherish. This behaviour is often linked to religious beliefs in the afterlife.

A variety of potential broader ecological, environmental and health risks are associated with
the release of GM organisms. Environmental risks can be considered from both anthropocen-
tric and ecocentric-based approaches. The risks identified include the possibility of horizontal
transfer of the transgene to non-target organisms, and possible disturbance of insect ecology.19,39

There have also been concerns expressed in some cultures, e.g., New Zealand, over the need to
value the native fauna and flora, which is considered by many in the Maori community to be
something not to modify.18 While human beings cannot consent for other organisms to be
modified, very few persons suggest that any consent is required except for possibly sentient
animals.

One of the main concerns of releasing GMOs is environmental risk.40,41 This risk has been
controlled in over 10 000 international field trials of GMOs, and in the widespread commer-
cial growth of GM crop varieties.42 Whilst the methods used for monitoring field trials are
argued to be inadequate by those campaigning against GMOs, to date there has not been a
significant adverse event from GMO release for the health of any non-target organism, includ-
ing humans, in the ecosystem.9 There are a range of concerns that have been expressed, includ-
ing cross-pollination of non-GM crops with GM crops, economic dependence on the seed
industry, intellectual property, for example.19 There are also cases which have questioned the
degree of control over the process that has been attained, and also which is possible. The ques-
tion of so-called genetic pollution, gene flow to wild relatives, is still in a process of debate
when comparing gene flow in nature, gene flow in conventional agriculture and gene flow in
systems with GM varieties. Farmers also may grow seed in fields and for purposes that were not
intended by the seed makers, or industry may mix food products, as seen in the entry of StarLink
varieties into Tacos for human consumption. This raised concerns over how policy can be
implemented and policed at the practical level.

In the year 2001, the first US field test of a genetically modified pink bollworm, a cotton
pest, was conducted. It followed very soon after the development of methods to transform the
bollworm.43 This type of trial had an important consequence of better preparing regulatory
systems for oversight of GMOs/LMOs, but still most countries in the world have not estab-
lished detailed systems for oversight of GM insect field releases.44 The American Committee of
Medical Entomology has also produced guidelines.45 New ethical issues about GM arthropod
vectors and their symbionts and/or pathogens should be subject to extensive open discussions
and forums where not only experts but all members of civil society should participate.

Any risks to the agricultural systems of rural communities also require assessment, as animal
diseases transmitted by vectors are important to farming families. In addition, there may also
be risks to wild animals in surrounding areas, which in some ecocentric environmental views
have more intrinsic rights to be left undisturbed than farm animals.46 This calls for broad
ecological understanding of the impact, beyond public health. There is also the possibility for
GM vectors to spread to areas beyond the initial expectations, which needs to be considered
when planning the geographical extent of information and communication programs.
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Although there have been numerous public opinion surveys on the release of different GMOs,
there have been few surveys asking people their views on introducing GM vectors or pathogens
for disease control. One general feature of the surveys is that GM plants are considered less
threatening than GM microbes, animals and humans. In a 2003 national sample in Japan, one
third thought it would be acceptable to use genetic engineering to make mosquitoes unable to
be a vector for human diseases like malaria or Japanese encephalopaty, and only 16% said it
would not, while half said they did not know. There was 54% approval for environmental
release of mosquitoes that do not transmit human disease, which is the same as the support for
release of GM disease resistant crops, with 19% disagreeing.47

Although knowledge is important for acceptance of biotechnology, it is not a predictor of
acceptance. In surveys of scientists and the public in Japan in 1991-2000, for example,
well-educated scientists were often just as sceptical of biotechnology as the general public, and
shared the same types of concerns.31 The failure of the government authorities in public health
has led to higher public trust in NGOs, including environmental groups. The media has also
disproportionately reported negative aspects of genetic engineering because these appeal to
people,48 while other groups in society have promoted biotechnology for commercial pur-
poses.

Thus the late 1990s saw a dramatic drop in public support for biotechnology in every
country surveyed. It is therefore important that scientific knowledge be accurately shared with
all, that this process be open, and that all opponents are involved in discussion.

Issues include the ethics behind research into, and later financing of, technological products
that attempt to “fix” a problem rather than invest in increasing the ecological knowledge base
to “prevent” the problem. There is considerable preference for deterministic science over “softer”
educational systems like flexible learning. It is clear that not all local communities will share the
modern scientific world view that technical healing is better for them, so there needs to be
flexibility in the approaches available to eradicate disease. In the past, paternalistic interven-
tions were taken on the behalf of citizens; however, civil rights movements have empowered
people to take these decisions themselves.

A number of ethical issues have been raised in international debates over the morality of
patents, and there have been strong calls against the patenting of medical innovations. Laws on
intellectual property vary between countries, despite attempts to harmonize these laws among
industrialized countries and members of the World Trade Organization (WTO). A number of
developing countries are not members of the WTO, and often the major controversies over
whether a country will join WTO is related to intellectual property rights (IPR). Better solu-
tions are required.

Practical guidance for ethics committees needs to be clarified on public health interven-
tions. One key problem is identifying who is specifically at risk, and what the particular risk is.
In vector release studies, everyone in the area may be at risk. These complex questions are made
more manageable through breaking down the concerns people have into manageable areas.
Defining a minimum standard of protection for research participants in trial and control popu-
lations for GMO interventions is the key point. This issue is not specific to GM vectors and
pathogens, but it is crucial to consider the benefit/risk equation.

Most concerns can be the subject of better information and education. Gathering satisfac-
tory scientific data by conducting field trials, and understanding ecological issues,49 are the
main criteria required prior to release for most people. The remaining concern, and one which
is also found in scientists as well as the public, is that genetic engineering is somehow unnatu-
ral. This is an issue that needs greater social discussion. However, if presented with the threat of
contracting disease, most people have few concerns about using other “unnatural” remedies
such as pesticides and medical drugs. Given that most mosquitoes do not transmit disease to
humans, some would argue that it is not unnatural to change a mosquito that does transmit
diseases into one that does not. This is debatable.
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There is a need for public opinion studies in the communities before the release, during the
process of community engagement, and after the study, if we wish to really understand the
opinions and concerns that people have.

Consent from Trial Participants
Recognition of the ethical principle of autonomy means that all participants need to give

informed consent to an intervention that has a reasonable risk of causing harm.50 There are
significant difficulties in obtaining individual informed consent in some developing coun-
tries,51-53 but by adequate investment of time and provision of suitable materials, it should be
possible to obtain informed consent from individuals at direct risk, even though the exact
cultural interpretation of the informed consent process may vary between countries.54 There
are risks of direct or indirect harm to human beings from the original pathogen-transmitting
vector, so when a trial has high expected benefits, we can argue that a trial needs to be done to
show that there is greatly reduced risk of harm from the modified vector. Until a trial is con-
ducted we cannot be sure that there will be no risk and that the whole enterprise has been
successful.

The risks may not just be those that arise directly from the ability of the vector to carry the
target pathogen. There could be a negative impact on human health by altering the behaviour
of blood-feeding insects. In the case of insects that cannot be confined to a particular popula-
tion, whether they fly or float to new places, notions of “human subject” and “informed con-
sent” need to be extended. There are basic ethical issues involved in vector collection and
studies in the field. Firstly, many such studies have relied on a researcher waiting for the vector
to land on a human host, and then capturing it hopefully before the vector has transmitted the
pathogen to the “bait”. In fact, any field studies in which human beings are exposed to the
pathogens raise the question as to why some other intervention is not used in that area.

The approach developed for population genetics studies may be useful where the commu-
nity and local authorities are involved in the decision-making process. Informed consent re-
quires information to be provided, so disseminating information about the plans and progress
of the project, and obtaining the consent of any person potentially affected by the release of
transgenic insects, is important for the ethical conduct of research trials, whether or not na-
tional guidelines require this, or even exist. Other lessons show us that people who lack the
means to express their preferences may have been abused by the lack of individual or commu-
nity consent for research in anthropology55,56 and epidemiology.57-60

If a study involves humans, oversight by an ethics committee or institutional review board
(IRB) is necessary. In an increasing number of countries, such committees are established by
law and are charged with certain legal responsibilities, typically about the conduct of research
or clinical practice at local or national level. An IRB is a group of persons from a range of
disciplines who meet to discuss the ethical issues of particular submitted procedures and review
the benefits, risks and scientific merit of the application. The IRB usually requires that each
human subject in a medical trial gives informed consent to be involved in the project. Model
ethical guidelines on the establishment and procedures for an IRB have been produced by an
international consultative committee for TDR. These guidelines however are not sufficient for
the broad question of how to obtain informed consent for a public health intervention involv-
ing thousands of persons where the benefits are not demonstrated.

Ethics or bioethics committees include groups of people set up to adjudicate about bioethi-
cal matters. An IRB is in a sense an institutional ethics committee, but a typical IRB works
through a large number of applications and often excludes the broader social discussion and
representation that is seen in a regional or national bioethics committee. There are also na-
tional variations in the laws to define membership and scope of work, and terms used. The
project to introduce transgenic insects will need an ethics committee with a broad overview,
and specific regional ethics committees to consider the local issues.
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To consider the issue at a local level, as required for obtaining appropriate informed con-
sent, it is essential that a local ethics committee (and/or IRB if associated with an institution)
open to the communities involved is established. There are cultural differences in the way
informed consent should be taken.52,61 The accepted norm in international ethical guidelines
is seen for example in the modified Helsinki Declaration62 and the draft Council for Interna-
tional Organizations of Medical Sciences guidelines.63 In cases involving bilateral research col-
laboration, the most stringent ethical standards of the two countries should be applied. This
creates problems for non-literate populations, and for populations whose common sense social
assumptions are different. It is desirable that internationally agreed standards are applied, and
that there are few points of difference between these standards even for simple clinical trials of
drugs. The ultimate decision procedure should be decided by the local ethics committee, but
international consistency and guidance will be essential.

Although the control population for the study may continue to face the same high risk of
contracting the disease, recent trends in research ethics debate whether we can leave control
groups without any treatment. Therefore, ethically there may need to be some other vector
reduction measures given if making any interventional study in an area. While those designing
ethical guidelines on placebo-controlled trials (e.g., Helsinki Declaration) were thinking of
placebo controls on clinical trials of potential medical drugs, we can ask the ethical question
whether researchers have an obligation to the local population to use the best available means
of disease control whenever they enter an area for a study. This practically means that, as well as
studying the new method, a researcher may ethically be compelled to also provide the best
available proven alternative to the study population. There may be times when the provision of
the proven alternative to the area of study alters the dynamics of the disease so that the results
of the vector field trial differ from what the results would have been had no established alterna-
tive been provided.

Before and during the intervention, there may be privacy concerns when questionnaires are
administered and personal data are stored. For public health purposes, it is essential that all
information about individuals involved is linked to other data, but to ensure privacy, the data
should only be identifiable to a specific person by a coding frame that is not in a computer
linked to a network.

Children are therefore one of the targets of public health interventions, with presumed
consent from the therapeutic imperative that they want to be involved in programmes that will
avoid disease. Some compulsory vaccination programmes have faced criticism that consent is
not obtained even from the surrogate decision-maker, the child’s parents. In each family there
may be several adults, and more children, which raises questions of whether consent is required
from every individual. The local cultural norms need also to be considered. However, an ap-
propriate mechanism may be one in which the views of everyone of reproductive age (let us call
this the level of adult maturity) are gathered, and consent sought from these persons both as
individuals and as a family. The agreement and understanding of children in the community
should be sought through suitable materials. However, children should not be exposed to di-
rect risk from therapeutic trials unless there is no alternative. In the case of a child living in a
community that was involved in a GM vector trial, no direct risks to the human population
would be expected so the consent issue is not a major hurdle. On a more positive note, children
in fact could be a very powerful means to involve the community in a process of community
engagement through schools. Since children are at higher risk from many of the diseases in
question, they stand to benefit more, and most parents may want to be involved in the trial
because of the potential benefit to their children rather than themselves.

If the trial covers an area with a local population of 100,000 persons or more, it is unrealis-
tic and unlikely that informed consent can be given by all people in the area. There will always
be some people who are against any proposition, no matter how much others value it, but the
opponents cannot be moved from their houses for the period of the trial. So a procedure
that is neither paternalistic nor paralytic needs to be developed. After the process of consulta-
tion and dialogue to seek informed consent, there could still be a procedure to supply



161Ethics and Community Engagement for GM Insect Vector Release

additional information to all persons in the area especially to the minority who disagree. In
developing countries, many may not realistically be in either a position to achieve social con-
sensus or for persons to actually leave the area. This is not a novel issue, but common to many
policy questions, and an appropriate solution needs to be developed in dialogue with each
community. In the history of public health the persons who disagree usually cannot leave.
Other options may be to provide additional insecticide resources to households that object to
the study and are afraid of the presence of GM insects. The mechanisms for social consensus in
biotechnology are not well understood in the affluent countries that have been debating GMOs,
and even less is known in developing countries. Public opinion studies suggest that people may
respond differently to theoretical and real situations.

Recognizing the autonomy of people as a group demands that we apply the consent model
to more than isolated individuals. The introduction of GM vectors and pathogens requires
community consent, so a process for seeking group consent needs to be developed for each
community.56 The question of whether every citizen has to consent to public health interven-
tions is not a new one,64 but with the current social transition from a paternalistic society to
informed consent and informed choice, this key concern is appearing in all societies, although
at different speeds.

Any initial trial may be subject to the philosophy “not in my backyard”. Socially powerful
persons are generally more effective at preventing trials they perceive to be risky in their area,
or, conversely, at attracting social resources towards themselves and away from weaker persons
in the community. Ethically it is important that risks and benefits are shared equally, and one
way to ensure this would be a commitment to the local community that, if the trial is success-
ful, the full-scale intervention would include them from the beginning. In this way, any risks
borne by a local population would subsequently be rewarded by that population being the first
group to benefit from the knowledge gained when the full-scale safe and effective control
programme is implemented. The field trial must therefore come with a commitment to the
local community that financial resources will be available and that sustainable use of the con-
trol tool will be affordable.

Regulation and Biosafety
The internationally accepted principles of risk assessment for GMOs take into account:

relevant technical and scientific details of the recipient or parental organism, the donor
organism(s), the vector, the insert(s) and/or characteristics of modification, the GMO, and the
methods for detection and identification of the GMO including specificity, sensitivity and
reliability; as well as information relating to intended use, information on location and geo-
graphical, climatic and ecological characteristics, and the foreseen health impact of the inter-
vention.1 The ethical principle of non-maleficence is the underlying basis for attempting to
avoid harm and the regulation of human activity.

What is a particularly relevant point in the development of GM insect vectors unless it is
based on sterile insect methods,65 is that in order for a vector programme to be successful, the
modification must spread throughout the wild population of a vector. This means that deliber-
ate infection with the transgene may be the target of introducing the GMO. In order to define
the parameters associated with the speed and extent of spread of the genetic modification
under real conditions, extensive trials are necessary. There would need to be substantial labora-
tory and caged insect trial data before open release should be tested.

The International Centre for Genetic Engineering and Biotechnology (ICGEB) provides
assistance in biosafety training for the development of genetic engineering in many coun-
tries.66 Some issues also relate to the proposed Code of Conduct in Biotechnology being devel-
oped under the Commission on Genetic Resources for Food and Agriculture (CGRFA).
UNDP67 and FAO generally support the development of genetic technology while consider-
ing the benefits and risks of the organisms. The capacity of countries to establish committees to
adequately address ethical, social and scientific concerns needs to be strengthened.
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The Scientists’ Working Group on Biosafety of the Edmonds Institute68 in Washington
D.C., USA, recommended that field trials of vectors genetically engineered to reduce disease
should be small scale in terms of the area of dispersal of the vector. “In the case of an anti-malaria
or anti-dengue intervention, such a field trial could involve a single village or an isolated cluster
of adjacent villages. No large-scale release should be attempted until the effectiveness is shown
in the first trial”. Thus, while there is general international consensus in the UN system that
selected use of GMOs should proceed, there are groups within society that continue to be
cautious. There are questions over how to balance the dispersal of GM mosquitoes that is
needed for a trial versus precaution over limiting the trial geographically. There are also coun-
tries whose political regimes do not accept GMOs, and these attitudes depend on political
elections, including the principle of democracy. National sovereignty should of course be re-
spected, but GM vectors may spread beyond a national border.

The Cartagena Protocol on Biosafety to the Convention on Biological Diversity is an ad-
vance informed agreement procedure on the safe transport, handling and use of living modi-
fied organisms resulting from modern biotechnology that specifically focuses on transboundary
movements of living modified organisms. The parties to this protocol agreed to ensure that
“the development, handling, transport, use, transfer and release of any living modified organ-
isms are undertaken in a manner that prevents or reduces the risks to biological diversity,
taking also into account risks to human health”. It was also noted that “the parties are encour-
aged to take into account, as appropriate, available expertise, instruments and work under-
taken in international forums with competence in the area of the risks to human health”.7 In
the Cartegena Protocol, “a living modified organism means any living organism that possesses
a novel combination of genetic material obtained through the use of modern biotechnology.
Modern biotechnology means the application of either in vitro nucleic acid techniques, includ-
ing the recombinant DNA and direct injection of the nucleic acid into cells or organelles, or
the fusion of cells beyond the taxonomic family, that overcome natural physiological reproduc-
tive or recombination barriers and that are not techniques used in traditional breeding and
selection”. This definition of a living modified organism (LMO) is now accepted in interna-
tional law in general because of the Protocol. The actual term “living modified organism” is still
not as widely used as “genetically modified organism”, the term that has been used for two
decades in academic and media debates.

One useful development of the Cartegena Protocol umbrella is the establishment of biosafety
clearing houses, which are contact points in each member country. The Protocol also includes
risk assessment and risk management once agreement is reached, as well as development of
capacity building in biotechnology research. Many developing countries do not have the eco-
nomic or scientific capacity needed to examine the products of modern biotechnology.69 Infor-
mation related to GM vectors should be linked to the same biosafety clearing houses.

Conclusion
There are a variety of ethical issues that are raised from the use of GM insects, but the most

challenging may be the process of informed consent for individuals and communities. Each
community or society needs to be given a chance to set consensus values on risk assessment.
This two way process of community engagement is evolving and appropriate procedures for
each community need to be developed. A universal minimal standard of risk assessment appli-
cable to disease vectors needs to be defined, as diseases cross national and continental borders
and so would probably GM mosquitoes.

Before field release of transgenic insects, researchers must assess all the scientific and social
issues associated with GM vectors and develop safety precautions to address potential risks.
The scientific and social risks should be minimized through careful design of the vector system,
relevant laboratory experience, and careful choice of the site including considering appropriate
social and cultural factors. Even if there are not perceived to be any realistic risks, a procedure
for their evaluation should be set up so that new information can be gathered and interpreted.
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This procedure may involve establishing a specialized ethical review committee under the aus-
pices of an international body such as TDR to offer advice to researchers on the ethics of
projects.

There should be prior environmental, medical and social studies for site selection, and the
most appropriate site chosen on the basis of these data. Information should be exchanged as
broadly as possible with community leaders, members of the local community, and the mass
media. Consent should be obtained from the communities involved. Specific mechanisms to
obtain individual and group consent need to be developed for public health interventions. A
contingency plan for aborting a field trial needs to be developed.

Commitment to the local communities involved in field trials should be made such that
they will be the first beneficiaries of more permanent use of a GM vector should results indicate
that this is appropriate. Intellectual property concerns should not be barriers to implementing
public health measures using GM vectors or their symbionts and/or pathogens. Prior negotia-
tion, including possible involvement to allow access to the latest technology, is preferable to
confrontation. The data should be made available to all in order to benefit from global exper-
tise and develop international consensus. There is a need for an ongoing and active process of
ethical analysis, through a variety of forums, that will provide us with the conclusions about
where it is ethical to conduct these type of studies.

Ethically, we have to consider what are core ethical values for modification of nature for
human needs. Modification of nature is something that all human beings have done, but bal-
anced technology assessment of all options, past, present and future, should be examined. The
ethical principle of beneficence demands action to eliminate hunger and disease. We must do
this while preserving the environment for the future and respecting the cultural diversity that
each community in endemic areas has.
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CHAPTER 14

Transgenic Mosquitoes for Malaria Control:
Time to Spread Out of the Scientific Arena
Christophe Boëte*

Abstract

The release of mosquitoes that are genetically modified to destroy the malaria parasite
Plasmodium falciparum is being considered as a possible method for malaria control. If
many scientific questions concerning the possible success of such a high-tech method

have not received an answer yet, it seems also crucial to question the validity of such a method
and also the links between technology and science in our societies.

Introduction
The use of genetically modified mosquitoes appears to be, if not an imminent, a soon to be

available tool for malaria control. But will GM mosquitoes ever be real ‘weapons of malaria
destruction’ or could their future only be confined to be lab tools of mass distraction?

GMO are part of the recent modern molecular approach to malaria control. Indeed it was
decided in the early nineties, on the initiative of a small group of molecular biologists, to
develop GM mosquitoes for malaria control with a 20-year work plan. This plan focused on 3
major milestones, two of them being technological and one concerning population biology
issues: (1) the stable transformation of anopheline mosquitoes by 2000, (2) the engineering of
a mosquito unable to carry malaria by 2005 and (3) to carry out controlled experiments to
understand how to drive this genotype into wild populations by 2010. This initiative can been
seen as pioneering in the use of molecular tools for malaria control, however it may also, at least
partly, explain why the technological aspects of this method have received much more consid-
eration than the ecological and epidemiological ones.1-3 Anyway, in such a scheme, both ecolo-
gists and molecular biologists claim funds for more research, the first aiming to determine if
GM mosquitoes can be successfully deployed for malaria control, the latter ones because the
creation of such a mosquito requires more costly high-tech research.

One may wonder why such a technological and quite futurist approach is perceived as a
viable solution for malaria control in terms of vector control. Indeed, whereas integration is
nowadays seen as key for malaria control and strongly supported,4 this method cannot be easily
integrated with other vector control programs that should continue where several species trans-
mit malaria and/or other vector-borne diseases than malaria. However, the sequencing of one
of the 4 human plasmodial species Plasmodium falciparum and one of the numerous vectors,
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Anopheles gambiae, and the resulting great academic excitement and self-congratulation have
been followed by a wave of optimism concerning the use of GM mosquitoes. Optimistic
models have even predicted that this solution could prove that ‘once ethical and economical
implications have been settled to rid the world of malaria in a short period of time’.5 Such a
declaration is probably as close to reality as the one concerning the end of hunger and sustain-
able development in the world with the use of GM crops. In fact, apart from purely scientific
issues, the question of the use of GMO for malaria control should be placed in the context of
the importance of science and technology in our societies.

Questioning the Notion of Progress
Indeed, both science and technology have been considered the source of progress in the last

decades, the idea of progress being only technical and having lost its moral part.6 If progress
was considered both moral and spiritual, as well as cognitive and technical by Montaigne7,8 in
the seventeenth century, then this conception has been completely changed. Philosophers like
Bacon,9 Condorcet10 and Saint-Simon11 introduced a notion of progress associated with the
control of Nature. With them, the world was to be transformed by men according to their will
thanks to the technique, which is based on science. This conception of knowledge differs radi-
cally from the one of Plato and renders science utilitarian. Thus, in many cases progress has
been associated with the amelioration of the conditions of life for humans or at least part of
humanity. Science and technology are also confused with progress with the scientist as its
architect. With such an attitude towards science, progress and technology, it is not surprising to
notice that modern biology has been led by molecular biology. However, after a time of appar-
ent unlimited progress, this concept of continuous progress and its potential applications was
questioned and appears less obvious in the recent decades. Indeed, contemporaneous with the
perverse effects of progress, leading to the questioning of its limits,12,13 ethical preoccupations
resurged and the word ‘bioethics’ was created.14

High-Tech, Malaria Control: Open Your Mind, Open the Debate
A danger inherent in following technological progress without questioning is that science

can easily favour a reductionnist and mechanistic approach such as molecular biology15 and
with such a trend, high-tech solutions for malaria control are nowadays more in vogue than
low-tech ones. If, with no doubt, molecular biology has led to important discoveries and shown
its interest and efficacy to answer questions, it does not provide any information about the
other processes of high importance in malaria control such as ecology or epidemiology and its
technical explanations make difficult its diffusion to a non-initiated public. Also, quite worry-
ing in the case of GM mosquitoes (just as in the case of GM plants in agriculture), the ecologi-
cal questions or fears often appear to only be, at least according to molecular biologists, a
formality that should and could be solved with adequately engineered high-tech solutions. Is
this optimism, utopianism, bad faith or just lack of knowledge? Logically, ecologists have claimed
the need for more research in ecology and population biology. Such a motivation is laudable if
its aim lays in providing clear evidence of the validity or not of such a method and not with the
motivation of getting a piece of the cake (i.e., funds invested in research concerning GM mos-
quitoes technology) and associated high-profile papers. However molecular biologists have
already begun to do part of the ‘required’ ecological studies16,17 and their conclusions, even if
they are not very positive about GM mosquitoes, often claim that technological solutions can
be used to solve the problem. In catching the train of GM mosquitoes, population biologists
and ecologists, should try to determine the ‘incompressible’ factors, (especially the demographic
and environmental influences on resistance, evolutionary and epidemiological outcomes) that
may render any transgenic approach useless after years of investment.
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Malaria Control, Science and the Social Issues
When developing an area of research and its possible impact, the social issues and conse-

quences of its use need to be fully addressed.

Malaria: Also a Social and Political Problem
Malaria was eradicated decades ago from Europe and Northern America without any

genomics information but mainly by economic and social changes driven by political will. It is
difficult to disagree with Michael Ashburner18 when he declares that it is unlikely that any
changes in the malaria burden will be achieved without political will. Scientists should keep in
mind that any technical progress in GM mosquitoes will lead to nothing efficient if political
will and a large-scale well-organised, financed and sustained campaign does not follow.

A Trade-Off High-Tech/Low-Tech
Moreover, if genomics is sometimes seen as crucial in the fight against malaria,19 a trade-off

may occur in resources for research and implementation of control methods.20,21 More worry-
ing, as suggested by Rogers and Randolph about tsetse control22 high-tech programs are likely
to depend on external expertise and technology requiring huge investment upfront. Thus any
failure in this chosen approach will only bring massive debt and divert funds from traditional
control activities.

Obviously one may argue that high-tech and low-tech malaria control methods do not
request their funding from the same sources23 and that low-tech methods have also to face
implementation. Indeed impregnated bed-nets are used by less than 2% of the population
at-risk in Africa, despite the Abuja declaration stating that this coverage should be 60% in
2005. One may then wonder why, if implementation of ‘efficient tools’ does not work, should
more ‘technological’ ones stand more chance?

Legal and Ethical Issues Concerning the Use of GM Mosquitoes
for Malaria Control

If legal, social and ethical issues have begun to be debated24 they should maybe be raised
well before technological ones. For the moment very little attention has been turned to the
possible adverse effects of the use of GM mosquito and the ‘precautionary principle’. The civil
society has not yet been consulted in the recent closed meetings and workshops (London 2001,
Atlanta 2001, Wageningen 2002 and Nairobi 2004) on the topic. It appears highly important
and needed that NGOs and community groups are involved and consulted on these topics.
The development of infrastructures and technology related to GM mosquitoes in Africa is said
to be of high importance,25 however it has to be accompanied by the development of
organisations able to be critically engaged in science and technology policy both in Western
countries and in malaria-endemic areas. This is an essential part of democratizing science and
technology.

Democratizing Science
As discussed in a document from ITDG (Intermediate Technology Development Group),26

“The development process for most new technologies still uses a model unchanged since the
nineteenth century—first, optimise the technology, then check user acceptance, and finally
examine any regulations governing its use. Given the investments made in the earlier stages, it
becomes difficult to redesign a technology even when potentially harmful social effects have been
subsequently identified. Hence, when faced with opposition to a new technology, policy-makers
are forced into defending the technology, a technocratic managerial response in which potential
social and environmental impacts, identified outside the narrow design process, are regarded as
problems of user acceptance”.
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One might indeed regret the absence of engagement of non-specialists both in discussing
the research funding priorities but also in the choice of any technological process. If it might be
argued that nonspecialists could not be included in those decisions because of a lack of knowl-
edge, examples exist where non-specialists have been participating in decision-making and also
shaping the orientation of science and technology.26 It happens with the Quality Research in
Dementia network in England where donors of the Alzheimer’s Society (a major charity) dis-
cuss grant proposals from the scientists. Concerning GMO, the Movimento dos Trabalhadores
Rurais Sem Terra (MST - Landless Workers Movement) is leading a programme of rural land
reform, and by promoting low-input agriculture and low cost agro-ecological technologies it
has led to major set-backs for Monsanto as this latter one attempts to introduce GM crops into
Brazil. In both cases, a collective rather than a hierarchical control occurs and scientific and
technological aspects of research are under the control of citizens. To adopt the same attitude
with research on transgenic mosquitoes for malaria control would oblige scientists to give a
jargon-free description of their proposed research and permit the citizen to evaluate projects
and their potential repercussions, which should be welcome by scientists as they’ll have the
feed-back from the citizens that may profit from their so-called applications.

Conclusion
There has been too much false hope for malaria endemic areas (the eradication attempt, the

sporozoite-irradiated vaccine in the 1960s) that has led to stinging failures. The actual most
important tools to reduce the malaria burden are not really cutting edge high-tech methods
(they also do not have the associated pizzaz): the proper use and free distribution of impreg-
nated bednets,27,28 the use of derivatives of artemisine and house improvement.29 It also ap-
pears fundamental to improve the development of logistically and financially facilitated access
to health care infrastructures where patients can get healthcare of proximity and quality,30 the
colossal needs of the health sector in many African countries are indeed sadly associated with
the deliquescence of states and the associated Structural Adjustment Programs and liberal poli-
tics.31,32

Finally, the question that arises regards the effect of malaria research on the malaria situa-
tion and consequently does malaria research have to be applied to justify itself? With no doubt
any research on malaria will lead to biological discoveries that may be associated with unfore-
seen results. Using malaria parasites and mosquitoes as research systems should certainly not be
considered as applied research with an associated need of (sometimes) far-fetched excuses or
false pretences for short-term applications as GM mosquitoes are probably raising more ques-
tions in fundamental research than in malaria control.33

One might also take care that science does not become a technoscience,34 being restrained
to a means of the technique. Moreover, the necessity of applied outcomes makes research at risk
of losing its freedom and a science able to lead to technological innovations may supplant a
science without function apart from satisfying the intellectual curiosity of mankind. Thus it is
useful to recall Erwin Chargaff who thought that the idea that science can improve the world is
hubris. What is needed from members of the scientific community is honesty about their
motivations and the plausible benefits of their research to humanity. This, along with a reserve
towards their recent exciting discoveries, should be the most laudable attitude of scientists.
Malaria research has a central position in today’s research, and this gives scientists a very pow-
erful position. They can use it to advise decision-makers and, especially if they truly consider
their research as potentially applied, they cannot avoid social and societal debates and forget
their responsibility as citizens.
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