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Abstract

Targeting malaria vector mosquitoes outdoors has become a research priority to address
residual malaria transmission. Mosquito larval source management provides an excellent
and well established tool. However, there is a need to reduce the cost and effort of
larviciding programmes by testing persistent larvicides that reduce the frequency of
application and by exploring novel strategies of application. This thesis aimed to evaluate
two larval control agents, with unique mode of actions: the self-spreading silicone-based
film Aquatain Mosquito Formulation (AMF) and the pyriproxyfen-based insect growth

regulator Sumilarv®.

Dose-response tests and standardized field tests were conducted to assess the
susceptibility of Anopheles gambiae sensu stricto and An. arabiensis to the two
insecticides and determine their residual activity. Adults that survived exposure to
larvicide-treated water at the larval stages were assessed for possible effects on fecundity
and fertility. Both species were highly susceptible to both control agents at very low
doses. Both control agents provided residual control of up to six weeks. Adults that
emerged from larvicide-treated water laid fewer eggs and had low egg hatching rates.
Consequently, the impact of three-weekly operational application of pyriproxyfen to
habitats in the western Kenya highlands was assessed by comparing adult vector
emergences from aquatic habitats in intervention and non-intervention sites. Pyriproxyfen
application led to over 80% adult vector emergence inhibition from treated aquatic
habitats.

To assess if larvicide-treated water could serve as ‘reproductive sinks’ for gravid
mosquitoes, the oviposition response of gravid An. gambiae s.s. to water treated with
pyriproxyfen or surface film was tested under semi-field conditions using squares of
electrocuting nets. Larvicide-treated water did not affect the pre-oviposition behaviour of
gravid females. This study however did not demonstrate that ‘attract and kill’ strategies
could be used for control of malaria vectors as the addition of an oviposition attractant to
ponds containing larvicide-treated water did not increase the proportion of gravid females

orienting towards this pond.

To explore the effect of pyriproxyfen exposure on adults, individual An. gambiae s.s. and
Cx. quinquefasciatus females were exposed to pyriproxyfen at seven time points around

blood feeding. Fecundity and ability to transfer pyriproxyfen to an oviposition substrate



were studied in the laboratory. The impact of pyriproxyfen was dependent on the time of
exposure. Females were nearly completely sterilized when exposure occurred around the
blood meal while pyriproxyfen was only transferred by females that were exposed while

gravid and close to egg-laying time.

Consequently, a baiting station for gravid females was developed and semi-field
experiments implemented to explore the transfer of pyriproxyfen by gravid An. gambiae
s.s. from the baiting station to aquatic habitats. Horizontal transfer was observed but the
extent of emergence inhibition was dependent on the distance of the habitat from the
baiting station. Only the closest habitats received sufficient pyriproxyfen to control

significant numbers of offspring.

In conclusion, this study demonstrated great potential of the two control agents for the
control of vector immature stages and adults caused by sterilizing effects of pyriproxyfen.
Results suggest that they are suitable for inclusion into integrated vector management
programmes for malaria control. Auto-dissemination of pyriproxyfen however, appears

not to be a feasible strategy for malaria vector control.
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1 Introduction

1.1 The burden of malaria in sub-Saharan Africa

Despite the advances in preventive and public health measures to combat malaria, the
disease remains one of the most important vector-borne disease (WHO 2014b). Latest
WHO global estimates approximate 3.2 billion people to be at risk of malaria with about
198 million cases and 584,000 malaria-related deaths occurring in 2013, 80% of cases
and 90% of these deaths occurring in Sub-Saharan Africa (WHO 2014c). The most
vulnerable groups to malaria are infants, children less than five years of age and pregnant
women (Crawley 2004; Schantz-Dunn and Nour 2009). In addition to the effect on public
health, malaria continues to be a big hindrance to the socio-economic development of
communities in resource-deprived African countries (Gallup and Sachs 2001). Malaria
has a complex intricate relationship with poverty in most endemic communities.
Individuals with low socio-economic status associated with low income, poor housing,
difficulty to access effective medication, low educational status and poor knowledge of
malaria and its control are generally at a greater risk of malaria infection (Jones and
Williams 2004; Nkuo-Akeniji et al. 2006; Somi et al. 2007; Ayele et al. 2013). The
disease is a big impediment to the cognitive development of school-going children due to
frequent absenteeism from class and reduces the productive life of adults of working age
(Abdalla et al. 2007). The economic burden that the disease exerts at both the family and
national level is enormous (Teklehaimanot and Mejia 2008). It is estimated that treatment
and control of malaria in endemic countries in Africa accounts for approximately US$ 12-
15 billion loss in gross domestic product (GDP) subsequently slowing down growth in
these countries by more than 0.5-9% every year (Gallup and Sachs 2001; Sachs 2001).

1.2 Biological and environmental determinants of malaria
transmission in Africa

Malaria transmission is a complex process that involves the interaction of the Anopheles
mosquito, human host, parasite and environmental characteristics (Coosemans et al.
1992). Plasmodium, the parasite that causes malaria, is a parasitic protozoa transmitted to
humans through the bite of an infectious female Anopheles mosquito. Four species of

Plasmodium are known to infect humans: Plasmodium falciparum, P. vivax, P. ovale and
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P. malariae. Of these four, P. falciparum poses the greatest public challenge due to its
greater virulence, is the most prevalent in sub-Saharan Africa and responsible for most
deaths from malaria (Hayward et al. 1999; Guerra et al. 2008; WHO 2014c). However, P.
vivax has a widest geographical distribution due to its ability to develop in the Anopheles
mosquito at lower temperatures and survive at higher altitudes (Guerra et al. 2008; Guerra
et al. 2010). Plasmodium has a complicated life-cycle that involves infecting successively

a human host and the female Anopheles vector (Figure 1.1).
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Figure 1.1: Basic life-cycle of the malaria parasite (White et al. 2014)

(A) An infected female Anopheles mosquito first inoculates sporozoites into a susceptible
human host during a blood meal. (B) The sporozoites infect liver cells and differentiate
into merozoites. (C) Merozoites burst from leave liver cells and infect red blood cells.
Infected red blood cells burst releasing merozoites that infect other red blood cells. Some
merozoites leave asexual reproduction and differentiate into haploid sexual stages called
male and female gametocytes. (D) Female Anopheles mosquito picks up gametocytes
from infected human during a blood meal. In the mosquito midgut the female gamete is
fertilized by the male gamete to produce a diploid zygote. The zygote develops into an
ookinete which transverses the mosquito midgut epithelium to form an oocyst. The oocyst
undergoes maturation and eventually divides by meiosis to form multiple haploid
sporozoites. The immature sporozoites penetrate the oocyst wall into the haemolymph in
which they are transported to the salivary glands where they complete their
differentiation. The mature sporozoites can then infect a susceptible human host when the

mosquito next takes a blood meal. The development period of the parasite in the
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Anopheles mosquito lasts 10-12 days depending on the prevailing temperature (White et
al. 2014).

The malaria epidemiology is influenced by several factors including (1) vector bionomics
such as vector abundance, biting habits, longevity, biting frequency and abundance and
proximity of larval habitats to humans, parasite species (Garrett-Jones and Shidrawi 1969;
Coosemans et al. 1992); (2) climatic conditions such as humidity, temperature and
rainfall and topography (Lindsay et al. 1998; Githeko et al. 2006; Kazembe 2007; Arab et
al. 2014); and (3) human population density and behaviour (such as agricultural practices
and human mobility and availability of alternative blood meal sources) (Bruce-Chwatt
1966; Keiser et al. 2005a; Lefevre et al. 2009; Iwashita et al. 2014). At least three factors
help explain the exceptionally high endemicity of malaria in sub-Saharan Africa: (1) the
prevalence of the most competent and efficient vectors from the Anopheles gambiae and
An. funestus species complexes exhibiting high anthropophagic behaviour (Gillies and
Coetzee 1987; Sinka et al. 2010; Sinka et al. 2012); (2) presence of the most virulent
form of the parasite, Plasmodium falciparum (Snow et al. 2005); and (3) favourable
climatic conditions like warm temperature and high humidity that provide optimum
conditions for reproduction and faster development of both vector and parasite, vector
survival which are necessary for infection(Lindsay et al. 1998; Zhou et al. 2004;
Paaijmans et al. 2009; Beck-Johnson et al. 2013). In areas where these conducive
conditions are found the entomological inoculation rate (EIR) can exceed 1000 infectious

bites per person per year (Beier et al. 1999; Okello et al. 2006).

The close association of these Anopheles species to man especially their propensity to
obtain blood meals from human hosts, adaptation to enter, rest and feed inside human
dwellings and the closeness of their larval habitats to dwellings contribute to their
efficiency as malaria vectors (Coluzzi 1999; Constantini et al. 1999). The occurrence of
malaria transmission throughout the year in sub-Saharan Africa is attributed partly to the
seasonality in the abundance of Anopheles species in the An. gambiae s.I. and An.
funestus; whilst the density of An. gambiae s.I. especially An. gambiae s.s. and An.
coluzzii increases during and after the rainy seasons, An. funestus persists throughout the
year due to the permanent nature of its larval habitats (Gillies and Coetzee 1987; Lindsay
et al. 1998). Moreover even An. gambiae s.s., An. coluzzii and An. arabiensis exhibit

differences in their prevalence over ecological zones (Coluzzi et al. 1979). The
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occurrence of two or more of these dominant species in sympatry over much of sub-
Saharan Africa is another reason for the high transmission rates across the region (White
1974; Gillies and Coetzee 1987; Okello et al. 2006; Sinka et al. 2012).

1.3  Current successes and challenges in malaria vector control in

Africa

Malaria mortality rates in sub-Saharan Africa have been reduced by 54% between 2000
and 2013 (WHO 2014c). This success has been attributed to improved tools for malaria
control, increased international and donor funding as well as increased commitment by
political leadership (WHO 2013c; WHO 2014c). The tools include improved access to
rapid diagnostic and prompt treatment of clinical cases (WHO 2005b; WHO 2009; WHO
2014c) supported by the scaling up of vector control interventions mainly insecticide-
treated nets (ITNs, including long-lasting insecticidal nets or LLINS) and indoor residual
spraying (IRS) (Lengeler 2004; WHO 2006¢; WHO 2007; Pluess et al. 2010; WHO
2014c). While conventional ITNs require regular retreatment by dipping in solution of a
synthetic pyrethroid at least once per year to maintain their protective efficacy, LLINs
have wash-resistant formulation of insecticide coated or incorporated into the netting
fibres during production and thus retain their efficacy over a 3-6 years period even after
repeated washing (Hill et al. 2006).

Vector control has been identified as a key component by Roll Back Malaria (RBM) in
their global malaria control strategy and ultimate interruption of transmission of the
disease (WHO 1999b; WHO 2003). When used appropriately ITNs and IRS have the
combined effect of reducing the success and frequency of malaria vectors obtaining blood
meals from human hosts as well reducing vector populations through their insecticidal
properties (Lindsay et al. 1989 ; Lindsay et al. 1991; Magesa et al. 1991; Pates and Curtis
2005; Killeen et al. 2007). The impact on shortening the life stage of the adult female
Anopheles has the greatest impact on reducing its vectorial capacity and subsequently
malaria transmission (Macdonald 1956). Studies indicate that when used singly or in
combination these tools can dramatically reduce the burden of malaria by killing adult
female mosquitoes when they seek for blood meals from protected human hosts or while

resting on insecticide-treated material after taking a blood meal or while resting on
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insecticide-treated surface (Alonso et al. 1991; Binka et al. 1996; Lengeler 2004; Eisele
et al. 2010; Pluess et al. 2010; Okumu and Moore 2011). Other than providing personal
protection, wide scale use of ITNs and IRS can confer community benefits in reducing
disease transmission even in individuals who do not use these interventions due to mass
killing effects of Anopheles mosquitoes (Hawley et al. 2003; Klinkenberg et al. 2010;
Zhou et al. 2010). Although ITNs and IRS effectively eliminate malaria transmission in
areas of low malaria transmission their efficacy to reduce malaria parasite prevalence to
the <1% threshold is limited in areas where the disease is holoendemic (Lengeler 2004;
Griffin et al. 2010).

Because both ITNs and IRS are insecticide-based their effectiveness and sustainability is
largely dependent on the continuous susceptibility of malaria vectors to the available
insecticides. Thus insecticide resistance in malaria vectors is a major concern for public
health programmes and national malaria control programmes in Africa where the efforts
to eliminate the disease heavily relies on use of insecticides to control the Anopheles
populations (WHO 2002; Ranson et al. 2009; Ranson et al. 2011; WHO 2013a). The
increased use of pesticides in agriculture for crop protection has been identified as a
major contributor for the rapid spread of insecticide resistance in mosquito populations
(Chouaibou et al. 2008; Nwane et al. 2009). At present, only insecticides belonging to
four chemical groups namely organophosphate, organochlorines, carbamates and
pyrethroids are available for use in IRS while only pyrethroids are recommended for
impregnating bed nets, mainly because of their low toxicity to humans and rapid
knockdown mortality on mosquitoes (WHO 2006b). Two insecticide resistance
mechanisms namely target-site mutations in structural genes of the central nervous
system of the insect such as sodium channels and GABA receptors that decreases
sensitivity of the target proteins as well as increased metabolic detoxification the
insecticide have been identified to be responsible for the observed resistance (Ranson et
al. 2011; Liu 2015). A further threat to the use of insecticide is the observed development
of cross-resistance and multiple-resistance mechanisms that limits the use of alternative
insecticides (Ranson et al. 2009; Nwane et al. 2013; Liu 2015). To manage insecticide
resistance the WHO recommends four strategies: rotations with insecticides having
different modes of action, combining interventions that use insecticides with different
modes of action, mosaic spraying of different insecticides in different geographical areas

and use mixtures of insecticides with different modes of action (WHO 2012a). In addition
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there are calls for the development of new vector control tools and public health
insecticides for use in malaria vector control (WHO 2012c).

Moreover despite scaling up of ITNs and IRS to full coverage defined by the World
Health Organization (WHO) as the provision of one ITN for every two persons at risk of
malaria (WHO 2012d; WHO 2014c) and more or less fully susceptible vectors in many
areas malaria transmission persists although at a lower level than before (Killeen 2014).
This has been described as residual malaria transmission (Durnez and Coosemans 2014;
Killeen 2014) and has been among other factors associated with outdoor behaviours of
vectors where these intradomiciliary tools have little or no impact (Russell et al. 2011;
Bayoh et al. 2014; Durnez and Coosemans 2014). This residual transmission can be
sustained by primary vectors like An. arabiensis and secondary vectors such as An.
rivulorum that show higher probability of biting and resting outdoors and are therefore
less amenable with these indoor tools (Kitau et al. 2012; Okumu et al. 2013; Killeen
2014). The increasing reports of historically endophilic and endophagic malaria vectors
such as An. gambiae s.s. and An. funestus adapting to rest and bite outdoors or early
before people get into bed in an attempt to escape indoor based interventions presents yet
another challenge as contact between vectors and the insecticides is reduced (Reddy et al.
2011; Russell et al. 2011; Kabbale et al. 2013; Sougoufara et al. 2014). These are
exacerbated by the readiness of anthropophagic malaria vectors such as An. gambiae s.s.
and An. funestsus to obtain blood meals from non-human hosts when easily accessible

and their preferred choice not available (Lefevre et al. 2009; Mayagaya et al. 2015).

These challenges point to the fact that current frontline vector control tools will not be
sufficient to attain the ultimate target of disease elimination. Thus unsurprisingly there are
now an increasing number of calls for development of additional vector control methods
to aid in further suppressing malaria transmission (Ferguson et al. 2010; WHO 2012c;
Hemingway 2014; Killeen 2014; WHO 2014a).

1.4 Integrated vector management

Integrated vector management (IVM) is described as ‘the utilization of all appropriate
technological and management techniques to bring about an effective degree of vector
suppression in a cost-effective manner’ (Beier et al. 2008). IVM aims to strengthen the

impact of vector control through the use of multiple interventions that complement each
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other and reduce the overdependence on insecticides (Beier et al. 2008; WHO 2008b).
Two key features of IVM are evidence based combination of vector control interventions
and continuous capacity building at the local level to organize and implement malaria
control activities (WHO 2004; WHO 2008b). Other important attributes of VM strategies
are inter-sectoral cooperation with the understanding that effective vector control is not
the preserve of the health sector, combined use of intervention tools based on knowledge
of factors determining the biology of local vectors and disease transmission, participation
of the local community supported by legislation and regulation (WHO 2004; Beier et al.
2008; WHO 2008b). To conduct an effective and evidence-based vector control
programme requires locally informed decisions because the epidemiology of malaria is
heterogeneous (Van den Berg and Takken 2007; WHO 2008b). Moreover continuous
monitoring, evaluation and surveillance are important components of integrated
approaches for malaria vector control to detect small changes in biological and
environmental determinants of the disease (Beier et al. 2008; WHO 2008b). Thus IVM
recommends reconsideration of the intervention measures over time based on the
prevailing environment, epidemiology and availability of resources (WHO 2004; Shaukat
et al. 2010).

To successfully control malaria the current tools must be used effectively and the impact
of the tools on malaria transmission measured precisely (Shaukat et al. 2010). Successful
historical malaria control programmes in different parts of the world were implemented
through an integrated approach (Killeen et al. 2002a; Utzinger et al. 2002). Indications
are that use of only the frontline vector control tools namely ITNs and IRS will not be
adequate to reduce malaria prevalence to the pre-elimination threshold level of >1% in
many areas of Africa where the disease is holoendemic (Ferguson et al. 2010; Griffin et
al. 2010). Strategies that target both the aquatic immature and adult stages of mosquitoes
have demonstrated great promise for malaria control in sub-Saharan Africa (Utzinger et
al. 2001; Utzinger et al. 2002; Chanda et al. 2008; Fillinger et al. 2009a). Although ITNs
and IRS have been shown to be most effective tools for reducing entomological
inoculation rate (EIR), anti-larval measures can amplify the effects of these adulticidal

measures (Killeen et al. 2000).
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1.5 Larval Source Management (LSM)

Source reduction and larviciding, the two main strategies in LSM historically played an
important role in the control of malaria and other mosquito-borne diseases (Takken et al.
1990; Sufian 2005). Source reduction include measures aimed at temporarily or
permanently removing mosquito larval habitats such as drainage and filling of water
bodies, whilst larviciding involves the regular application of chemical or biological agents
to water to kill mosquito larvae and pupae. These anti-larval measures were the main
strategies in the intervention programmes that successfully suppressed malaria in the
Tennessee River Valley, Palestine and Italy (Kitron and Spielman 1989). The successful
elimination of the notorious African malaria vector An. arabiensis from vast areas of
Brazil and Egypt was done primarily by application of the highly toxic Paris Green
(copper (1) acetate triarsenite) into larval habitats (Soper 1966; Killeen et al. 2002a).
Notably, source reduction-led measures that eliminated the lethal and debilitating effects
of yellow fever and malaria made a significant contribution to the successful completion
of the Panama Canal in 1914 (Patterson 1989).

In light of the increasing calls for adoption of integrated approaches to control malaria
vectors coupled with concerns of insecticide resistance development by major malaria
vectors to insecticides used indoors, there is renewed interest in LSM as a supplementary
intervention for malaria vector control in sub-Saharan Africa (WHO 1982; WHO 2013b).
The potential of LSM for mosquito control in sub-Saharan Africa has being documented
(Utzinger et al. 2001; Majambere et al. 2007; Fillinger et al. 2008; Geissbdihler et al.
2009; Tusting et al. 2013). The major advantage of LSM is that it targets aquatic
mosquitoes at their most vulnerable stage when they cannot escape the interventions
(Killeen et al. 2002b). In addition it has the potential of attacking mosquitoes with both
outdoor and indoor resting/biting behaviour (Killeen et al. 2002b). LSM-based
programmes were effective in reducing malaria transmission in a number of settings in
sub-Saharan Africa especially when combined with adulticidal measures (Utzinger et al.
2002; Fillinger et al. 2009a; Geissbuhler et al. 2009; Maheu-Giroux and Castro 2013).
For instance source reduction employing vegetation clearance, modification of river
boundaries and drainage of swamps were the main strategies coupled with IRS with DDT
and quinine administration used to successfully suppress malaria in the Zambian copper
belt for two decades between 1930-1950 (Utzinger et al. 2001; Utzinger et al. 2002). In
Western Kenya the addition of larviciding with microbial larvicides to ITNs provided
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additional benefit in reducing malaria incidence in children in an experimental trial
(Fillinger et al. 2009a).

The success of larval control interventions is largely dependent on a thorough knowledge
of the characteristics of the larval habitats of the target mosquito species (Walker and
Lynch 2007). The lack of interest in larval control measures after the discovery of the
powerful insecticidal properties of dichlorodiphenyltrichloroethane (DDT) in the 1940s
that led to increased focus in adulticidal measures for malaria vector control is a major
contributor to the limited knowledge in the larval ecology of malaria vectors (Najera
1999; Najera et al. 2011). This was based on an earlier Macdonald model developed for
mosquito-borne pathogen transmission that predicted higher impact in reducing
Anopheles vectorial capacity by targeting adult mosquitoes to reduce their life span over
mere reduction in mosquito density (Macdonald 1956). Thus this model supported the
adoption of indoor residual spraying with the residual insecticide
dichlorodiphenyltrichloroethane (DDT) to kill indoor resting vector populations during
the global malaria eradication programme (GMEP) between 1955-1969 (Najera et al.
2011). However recent models show that old Macdonald model did not include the
mosquito larval stage and therefore unsuitable to evaluate measure that target larval stage
of mosquitoes (Smith et al. 2012). In addition the limited timescales of larval ecology
studies often conducted during the rainy or dry season only can be also partly be
attributed to contribute to the limited knowledge on the larval ecology of the major
Afrotropical malaria vectors (Gimnig et al. 2001; Bogh et al. 2003; Shililu et al. 2003a;
Carlson et al. 2004).

Immature stages of An. gambiae s.l. are often associated with temporary, man-made water
pools that are exposed to sunlight and are not organically polluted (Service 1971; Gimnig
et al. 2001; Minakawa et al. 2004). Nevertheless An. gambiae s.I. shows great
adaptability to a large range of water bodies, temporary to permanent (Fillinger et al.
2004; Majambere et al. 2008), clean to highly polluted (Sattler et al. 2005; Awolola et al.
2007), clear to turbid (Minakawa et al. 1999; Mala et al. 2011), with or without algae
(Minakawa et al. 1999; Gimnig et al. 2001), with and without emergent plants on the
edge or within the habitat (Minakawa et al. 2004; Mereta et al. 2013). Different studies
from a range of eco-epidemiological settings and frequently from very time-limited

observations have revealed controversial results concerning the factors associated with
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the choice of female An. gambiae s.l. to lay eggs in specific water bodies (Robert et al.
1998; Fillinger et al. 2004; Mwangangi et al. 2007; Mireji et al. 2008). In general, it is
difficult to predict with precision which habitats will be colonized by An. gambiae s.I. and
which ones will produce most adults (Mwangangi et al. 2007; Fillinger et al. 2009b;
Ndenga et al. 2011). For vector control targeting the immature stages with larvicides this
meant in the past targeting all available habitats in the intervention area. However, recent
mathematical modelling approaches predict that an over 70% reduction in transmission
could be achieved by targeting only 50% of the habitats (Gu and Novak 2005; Smith et
al. 2013). However, empirical evidence for this is lacking.

Anopheles funestus can share the same habitats as An. gambiae s.1. but are also found in
much larger, deeper and permanent habitats that are highly vegetated (Gimnig et al. 2001,
Minakawa et al. 2005; Mwangangi et al. 2007). Such areas are especially challenging for
larviciding programmes since they are difficult to access on foot and the vegetation does

not allow penetration of the insecticide to the water surface.

During the rainy seasons Anopheles develop frequently in the water collections created by
human activities such as drains, burrow pits, rice fields avoiding fast flowing water
channels (Dukeen 1986; Fillinger et al. 2004). In the dry season, the aquatic habitats
colonized are often permanent water bodies such as the edges of rivers and streams with
slow flowing water and the few permanent man-made pools such as drainage canals and
concrete pits or open tanks (Dukeen 1986; Carlson et al. 2004; Jawara et al. 2008;
Govoetchan et al. 2014).

The productivity of habitats has been described either as the presence or absence of
larvae, or as the mean density or abundance of larvae or pupae or as the number of
emerged adults per surface area, the latter being the best indicator for habitat productivity
(Mutuku et al. 2006; Fillinger et al. 2009b; Ndenga et al. 2011). The study of the
emergence of adult vectors from various habitat types is difficult and time consuming and
has not been done frequently. Results available from very different ecological settings are
inconsistent (Mutuku et al. 2006; Fillinger et al. 2009b; Kweka et al. 2011). In some
areas small and unstable habitats were found to be more productive for Anopheles
mosquitoes per given surface area (Ndenga et al. 2011) whilst others have shown more
stable sites produce more Anopheles mosquitoes (Mutuku et al. 2006). More research is

needed in order to develop approaches to target larval habitats for vector control targeted
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in space (at selected sites only). An alternative approach of targeting larval habitats in
time has been recently suggested to target larvicides in time when vector densities
increase (Fillinger et al. 2009a) and has been favourably costed (Worrall and Fillinger
2011). Furthermore, rather than reducing the number of habitats to be treated frequently,
another approach to reduce costs and effort of larviciding programmes could be the
application of residual larvicides that require less frequent applications. Such larvicides
have so far not been rigorously tested for the control of afro-tropical malaria vectors.
Nevertheless, the use of persistent larvicides also has a risk of vector production from
untreated habitats that are either newly-created or filled with water after larvicide
application. Research is required to identify the optimum re-treatment intervals of

persistent larvicides for effective control of malaria vectors.

1.5.1 Larvicides

Mosquito larvicides are grouped based on their modes of action: organophosphates,

spinosyns, microbials, surface films and insect growth regulators.

1.5.1.1 Organophosphates

Organophosphate insecticides (i.e. temephos) have been extensively evaluated for
mosquito larval control in America, Africa and other parts of the world (Bang et al. 1972;
Lowe et al. 1980; Shililu et al. 2003b). Organophosphates kill mosquito larvae by
modifying the normal functioning of the nerve cells by inhibiting the activity of
cholinesterase enzymes at the neuromuscular junction thereby interfering with
neuromuscular transmission. However, resistance to temephos has been reported in many
places globally (Hemingway et al. 1988; Cheikh 1993). In addition, organophosphates
have slight to moderate toxic effects to non-target aquatic organisms and are therefore

less suited for modern IVM programmes (Pinkney et al. 1999).

1.5.1.2 Spinosyns

Spinosyns are compounds with insecticidal properties that are produced from the
fermentation of soil bacteria of genus Saccharopolyspora. Spinosyns have a unique
neurotoxic mode of action of disrupting the neuronal activity by exciting motor neurons
that cause involuntary muscle contractions to eventually cause paralysis and death of the
insect (Salgado 1998; Kirst 2010). Their unique mode of action coupled by the greater

selectivity on target insect species and minimal impacts on environment and other non-
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target species including mammals make them more appealing for insect control (Kirst
2010). These larvicidal agents have however found limited use for mosquito control.
Spinosad, produced by the fermentation of the soil bacterium Saccharopolyspora spinosa
to produce a mixture of spinosyns A and D has been shown to be highly toxic to
mosquito larvae (Perez et al. 2007; Hertlein et al. 2010; Kirst 2010). Spinosad has been
reported to have minimal negative effects on the environment (Hale and Portwood 1996;
Cleveland et al. 2001).

1.5.1.3 Microbials

Mosquitocidal bacterial toxins produced during sporulation of Bacillus sphaericus (Bs)
and Bacillus thuringiensis var. israelensis (Bti) are highly effective against different
mosquito species in a variety of habitats and are environmentally safe due to their high
specificity (WHO 1999a; Fillinger et al. 2003; Fillinger and Lindsay 2006; Poopathi and
Abidha 2010). The larvicidal activity of microbials is due to the presence of protein
toxins that disrupt the larval midgut once activated by enzymes in midgut. They are thus
described as stomach poisons (Poopathi and Abidha 2010). Microbials are highly specific
larvicides with minimal impact on non-target aquatic insects (Poopathi and Abidha 2010).

There are reports of mosquitoes developing resistance to Bs in the field especially if many
applications are made that subject mosquito to strong selection pressure (Silva-Filha et al.
1995; Yuan et al. 2000), but none to Bti probably due to its multiple toxin complex
(Poopathi and Abidha 2010). While the efficacy of Bti is reduced in highly polluted water
bodies, Bs remains highly effective often recycling in cadavers of mosquito larvae it kills
(Sutherland et al. 1989; Karch et al. 1990). Their short residual activity which
necessitates application at 1-2 week intervals (Fillinger and Lindsay 2006; Majambere et
al. 2007) is frequently considered a challenge since larviciding programmes have to be
established that exclusively implement this intervention. Even though this has been
shown not to be more costly than other malaria control interventions (Worrall and
Fillinger 2011), this is frequently considered too expensive and involving to be added to

ongoing vector control tools (WHO 2012Db)

1.5.1.4 Surface films

Modern surface films have a purely physical mode of action (Corbet et al. 2000; Nayar
and Ali 2003) making them especially interesting for insecticide resistance management.

Despite their potential, they have not been extensively studied and used in malaria vector
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control. The earliest surface films used for mosquito control were petroleum-based oils.
These kill mosquito larvae by flooding of the larvae trachea but also have toxic effects
(Hagstrum and Mulla 1968; Berlin and Micks 1973). Concerns on environmental safety
and non-target aquatic organisms coupled with formation of non-uniform films on the
water surface and disturbance of the film by wind and aquatic vegetation limited their use
for mosquito control (Mozley and Butler 1978; Lopes et al. 2009).

Monomolecular surface films (MMFs) are surface-active agents that modify the physico-
chemical properties of the water by reducing the water surface tension (Corbet et al.
2000). The reduced water surface tension drowns eggs, immature and adult stages of
mosquitoes due to the increased wetting effect (Garrett and White 1977). Substantial
reduction of water surface tension is essential for larvicidal and pupicidal effects by
blocking the trachea through increased wetting of the internal hydrophobic of the trachea
that interferes with respiration (Garrett and White 1977; Reiter 1978; Reiter and
McMullen 1978). The most effective MMFs are those that spread spontaneously on water
surface, are non-volatile and insoluble in water and can reduce water surface tension to
below 29 dynes/cm (Garrett and White 1977; Reiter and McMullen 1978).

Lecithin monolayers were the first MMFs to be evaluated for mosquito control but they
were effective for only two days in the field (Reiter 1979). Arosurf MSF and Agnique
MMF are two exthoxylated isosteryl alcohol-based surfactants that have demonstrated
great potential for the control of different mosquito species in different habitat types
providing 2-12 weeks complete adult emergence inhibition at low doses (Levy et al.
1981; Karanja et al. 1994; Nayar and Ali 2003). The disadvantage of these MMFs are that
they are easily broken by wind and vegetation opening up pockets where larvae can
develop (Levy et al. 1982; Nayar and Ali 2003); therefore they have not been widely
advocated even though they exhibit a high margin of safety on non-target aquatic
organisms (Mulla et al. 1983; Hester et al. 1991; Nayar and Ali 2003).

Aquatain Mosquito Formulation (AMF) is a silicone-based film. It was initially
developed as an anti-evaporant to prevent water loss from large water storage dams and
tanks. The uniqueness of the surface film created by AMF is its self-spreading property
over extended water surface areas and around vegetation (Bukhari et al. 2011). Only few

studies have been implemented with AMF to date showing rapid mortality in mosquito
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larvae and pupae at low doses in the laboratory (Bukhari and Knols 2009; Webb and
Russell 2012). It could be a promising agent for the control of immature malaria vectors
in large and highly vegetated habitats such as rice paddies that are difficult to access. A
recent study has shown that AMF reduced anopheline adult emergence in rice fields by
93% and persisted for two weeks (Bukhari et al. 2011). In Australia AMF provided
effective control of immature stages of Aedes and Culex for four weeks (Webb and
Russell 2012). The silicon film is described to re-form after breakages by wind and
rainfall which would be an advantage over the alcohol-based films available (Bukhari et
al. 2011; Webb and Russell 2012).

The impact of AMF on aquatic non-target invertebrates including mosquito predators has
not been studied in detail. The few studies to date show no negative impact on non-target
aquatic organisms (Bukhari et al. 2011; Webb and Russell 2012), however more work is

required.

1.5.1.5 Insect growth regulators (IGRs)

Insect growth regulators (IGRs) comprise a group of insecticides such as chitin synthesis
inhibitors, ecdysone agonists/antagonists and juvenile hormone analogues which interfere
with the growth and development of target insects. IGRs are quite selective in their modes
of action and potentially act only on target species. The major impact of IGRs is the
inhibition of development of insect larvae into adult (Graf 1993; Tunaz and Uygun 2004).
Chitin synthesis inhibitors such as diflubenzuron and novaluron act by altering the
synthesis, polymerisation and deposition of chitin on the eggs and larvae of insects (Deul
et al. 1976; Farnesi et al. 2012; Merzendorfer 2013). The interference with chitin
deposition causes death of insect larvae during moulting when the procuticle is subjected
to the stresses of ecdysis and cuticular expansion (Dean et al. 1998). Ecdysone agonists
are substances such as tebufenozide and methoxyfenozide that act like the endogenous
moulting hormone and thus induce precocious incomplete moults during the insect larval
stage which subsequently kills the larvae (Retnakaran et al. 2003; Boudjelida et al. 2005).
Ecdysone antagonist such as azadiractin on the other hand inhibit the effects of ecdysone
(Dinan et al. 1997).

Juvenile hormones are a group of acyclic sesquitepenoids that regulate the processes of
metamorphosis, development and reproduction in insects (Staal 1975; Wyatt 1997;

Hartfelder 2000; Riddiford 2012). Juvenile hormone are also involved in regulating the
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processes of caste differentiation in social insects (Hartfelder 2000). During the insect
immature stages juvenile hormone is present during the larval or early nymphal stages
and plays the role of maintaining the juvenile stage thus termed the ‘status quo hormone’
but is in low titres or disappears during moults that occur at the late larval and pupa stages
(Wigglesworth 1934; Hartfelder 2000). Juvenile hormone analogues such as pyriproxyfen
and methoprene are substances that mimic the actions of the naturally occurring juvenile
hormone in insects by preventing the development of larvae to adult when applied during
the immature mosquito stages (Siddall 1976). Thus exogenous exposure of juvenile
hormone and its analogues during the late larval and pupae stages results in the
development of supernumerary larvae, larval-pupal intermediates and /or pupal-adult
intermediates that subsequently die (Jones and Hammock 1985). In addition exogenous
application of juvenile hormone to adult females causes sterility in exposed insects,
inhibit egg hatching and laying of non-viable eggs by exposed females (Judson and de
Lumen 1976; Wyatt 1997). Moreover the impact of these juvenile hormone analogues on

the reproduction of insects has been shown (Kamal and Khater 2010; Bai et al. 2011).

Pyriproxyfen (PPF), a juvenile hormone analogue has been shown to be effective in the
control of a wide range of insects of medical, veterinary and agricultural importance
(Jacobs et al. 1996; Yapabandara and Curtis 2002; Tunaz and Uygun 2004). PPF exhibits
high level of activity against immature stages of mosquitoes at low doses (Kamimura and
Arakawa 1991; Okazawa et al. 1991; Yapabandara and Curtis 2002; Sihuincha et al.
2005). PPF has exhibited residual activity of between two weeks and six months in test
with different mosquito species and in a range of habitat types (Suzuki et al. 1989;
Okazawa et al. 1991; Chavasse et al. 1995a; Nayar et al. 2002; Yapabandara and Curtis
2002; Sihuincha et al. 2005). The superiority of PPF for mosquito control is further
highlighted by its effectiveness at much lower doses and the extended control it provides
compared with other IGRs (Kawada et al. 1993; Ali et al. 1995; Ali et al. 1999; Nayar et
al. 2002). Another special attribute of PPF is its persistence in treated habitats during
periods of dryness (Okazawa et al. 1991; Yapabandara and Curtis 2002). Moreover PPF
has exhibited relative degree of safety against non-target aquatic insects and the
environment (Mulla et al. 1986; Schaefer et al. 1988; Schaefer and Miura 1990).

In addition to the larvicidal impact, PPF has been reported to reduce the fecundity,
fertility and longevity in exposed mosquitoes (Itoh et al. 1994; Sihuincha et al. 2005;

Aiku et al. 2006). This is a novel strategy of mosquito control as PPF-exposed females
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fail to lay eggs or lay unviable eggs (Ohba et al. 2013; Kawada et al. 2014). These have
been demonstrated on adult mosquitoes that emerge from immature stages exposed to
sub-lethal doses as well as adults exposed to PPF (Loh and Yap 1989; Sihuincha et al.
2005).

A novel strategy of auto-dissemination of PPF by adult mosquitoes from resting to
breeding sites has been demonstrated for Aedes mosquitoes (Devine et al. 2009; Caputo et
al. 2012; Abad-Franch et al. 2015). Auto-dissemination is a novel insect control
technique that utilizes the insect behaviour to transfer lethal doses of an insecticide from a
contamination site to other insect populations. This has been successfully demonstrated in
social and aggregating insects where the transfer of insecticide can happen either directly
through insect-to-insect contact or indirectly following contact with a substrate that has
been contaminated with other insects (Soeprono and Rust 2004; Buczkowski et al. 2008;
Choe and Rust 2008). For mosquito control, this approach has been found to be suited for
the control of selected Aedes which do not fly far from their breeding sites and where the
breeding sites are generally small bodies of water (Schoof 1967; Burkot et al. 2007). The
auto-dissemination of an insecticide by the mosquito female in search of an oviposition
site could be beneficial for the control of mosquitoes that are not targeted by ITNs and
IRS particularly those that exhibit outdoor resting and/or biting characteristics and for the
control of immature stages in habitats that are difficult to locate and access. Nevertheless,
PPF has not been rigorously tested in the field under operational field conditions for the
control of malaria vectors in sub-Saharan Africa. To date, the only study to explore the
potential of the auto-dissemination technique for control of malaria vectors in sub-
Saharan Africa, provided proof of principle that adult An. arabiensis can transfer
sufficient PPF from contaminated resting pots oviposition substrate leading to more than
80% reduction in adult emergence from laid eggs (Lwetoijera et al. 2014). Additional
studies are needed to explore the potential of this technique for control of malaria vectors
in sub-Saharan Africa.

1.6 Description of study areas

The research was implemented in western Kenya. Laboratory and semi-field experiments
took place at the 1977 initiated Thomas Odhiambo Campus (TOC) of the International
Centre of Insect Physiology and Ecology- (icipe). The campus is located within Mbita
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Point Township on the shores of Lake Victoria in western Kenya, close to the equator
(geographic coordinates 0° 26’ 06.19” S, 34° 12’ 53.13”E) at an altitude of 1240 m above
sea level. Mbita area experiences a warm and humid climate suitable for supporting a rich
insect biodiversity. This makes it a 'hot-spot' for research on crop pests as well as on
vectors of human and animal diseases (www.icipe.org/mbita/). Icipe-TOC covers an area
of 24.5 hectares of land which holds state-of-the-art laboratories and offices, a modern
automatic weather station, 16 semi-field experimental systems (netting screened
greenhouses), and open field plots for setting up standardized open field experiments.
Icipe-TOC also has a large mosquito rearing facility holding three mosquito species
originating from Mbita: An. gambiae s.s., An. arabiensis and Cx. quinquefasciatus. All
experimental work was implemented at icipe-TOC with insectary-reared mosquitoes
either under ambient laboratory, semi-field or standardized field conditions.

Field work to evaluate the effectiveness of Sumilarv®0.5G for controlling wild
populations of malaria vectors was conducted in the western Kenya highlands in Vihiga
County (geographical coordinates, 0.0667° N, 34.6667°E) between 1448 m and 1666 m
above sea level. This area is one of the most highly populated areas in Kenya with a
population density of 1033 persons per km? in 2004 (NEMA 2011). The study area
included six defined valleys that were approximately 1 km apart. The major economic
activity at these sites is subsistence farming of crops such as maize, napier grass, cassavas
and bananas. Malaria risk in the western Kenya highlands is traditionally regarded as
limited by low temperature (Lindsay and Martens 1998). However, increasing malaria
transmission in most of the highlands of East Africa was reported since the 1990s as a
result of a rapid rise in population density and subsequent changes in land use in the form
of deforestation and swamp cultivation (Lindsay and Martens 1998). Scaling up of
malaria control measures led to a decrease in malaria since mid 2000s but still
environmental changes threaten to continuously expose populations in these highland
regions to malaria vectors. Many regions are epidemic prone particularly if the current
interventions are not sustained (Zhou et al. 2004; Chaves et al. 2012). Malaria
transmission in the western Kenya highlands is marked by temporal and spatial
heterogeneity influenced by climate variability and topography (Githeko et al. 2006;
Afrane et al. 2014). The topography of the area is characterized by steep and gently
sloping hills and valleys. The majority of aquatic habitats that serve as mosquito larval
habitats are located at the valley bottom and are thus easy to locate. This makes the
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highlands an interesting environment for targeting mosquito larvae in their defined, focal
and easy to access habitats. Larviciding with microbial larvicides has demonstrated great
potential in reducing adult malaria vector densities by over 75% and provided a two-fold
additional benefit in reducing malaria incidence when added to insecticide-treated nets
(Fillinger et al. 2009a).

The climate of western Kenya generally consists of a bi-modal pattern of rainfall, with the
long rainy season from March to June, which triggers the peak in malaria transmission
and epidemics due to increased abundance of malaria vectors during this period and the
short rainy season from October through to November (Fillinger et al. 2009a). The
remaining months constitute the dry season when little rainfall is experienced.
Plasmodium falciparum is the primary malaria parasite species (Munyekenye et al. 2005;
Ernst et al. 2006), while the predominant vector species are An. gambiae s.s., An.
arabiensis and An. funestus (Ndenga et al. 2006; Omukunda et al. 2013).The frontline
malaria vector control measures in this area include the use of long lasting insecticidal
nets (LLINS) and spraying the inner surface of houses with residual insecticides (IRS)
(MoH 2009). Recent studies suggest development of resistance to pyrethroid insecticides
by the major malaria vectors in this study area and other regions in western Kenya to be
caused by two resistance mechanisms: target site insensitivity and increased metabolism
of insecticides (Ranson et al. 2000; Chen et al. 2008a). Reports from other studies
indicate increased outdoor biting behaviours by major Anopheles vectors following

increased use of long-lasting insecticidal nets by human population (Ototo et al. 2015).

1.7 Rationale

The current frontline vector control interventions for malaria control will not be sufficient
to eliminate malaria in most parts of sub-Saharan Africa due to increased resistance of
vectors to the insecticides used as well as the persistent residual transmission sustained by
Anopheles vectors that evade these intradomiciliary interventions (Griffin et al. 2010;
Ranson et al. 2011; Govella et al. 2013; Killeen 2013; Durnez and Coosemans 2014;
Killeen 2014; Killeen and Chitnis 2014). Thus there are increasing calls to explore the
potential of additional interventions for use in integrated approaches to safeguard the hard
won gains and further suppress malaria transmission (WHO 2008b; WHO 2012c; Killeen
2014; WHO 2014a). These interventions should preferably be implemented outside of
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houses to target both endophilic and exophilic vectors and should use insecticides with a
completely different mode of action than those used indoors for adult mosquito control to

manage insecticide resistance.

Larval source management (LSM), although one of the oldest tools in the fight against
malaria, was at the beginning of the 21% century a largely forgotten and often dismissed
intervention for malaria control in Africa (Fillinger and Lindsay 2011). Despite the lack
of its application in Africa, LSM has been the main focus of mosquito control
programmes for decades in the USA and Europe (Carlson 2006; Floore 2006; Abramides
et al. 2011). Regardless of the scale and success of these operations in developed
countries, this activity had been ignored by those interested in malaria control, until
recently. Recent studies investigated the efficacy and technical feasibility of mosquito
larval source management for malaria control in different eco-epidemiological settings in
Africa (Shililu et al. 2003b; Fillinger and Lindsay 2006; Majambere et al. 2007,
Geissbuhler et al. 2009), the added benefit of integrating larval source management with
personal protection measures ((Fillinger et al. 2009a; Maheu-Giroux and Castro 2013),
the potential for more targeted approaches in space and time of this intervention (Killeen
et al. 2000; Gu and Novak 2005; Gu et al. 2008; Fillinger et al. 2009a; Yakob and Yan
2009), the development of participatory approaches to implement community-based
programmes (Fillinger et al. 2008; Maheu-Giroux and Castro 2013), and the costs of this
intervention for different eco-epidemiological settings (Worrall and Fillinger 2011).
Consequently, the World Health Organization published a new guideline for this
intervention 40 years after the last edition (WHO 2013b) and a Cochrane Review was
produced highlighting the potential of this intervention to contribute to malaria control

especially in an integrated vector management approach (Tusting et al. 2013).

Although costs of larviciding programmes compare well with costs of LLINs and IRS
programmes per person protected, it needs to be considered that resource-poor African
countries might not be in a position to add this additional expense. Reviewing the costing
by Worrall and Fillinger (2011), it is clear that the larvicide (in their evaluation Bacillus
products), and the labour costs for regular application (weekly) drive the costs. It is
therefore necessary to investigate larvicides with novel mode of actions that are easy to
apply, safe for the environment and applicator and require less frequent applications. In

this context it is especially important to investigate the optimal re-application interval
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since the use of persistent larvicides for vector control might present a challenge when
new aquatic habitats are created frequently in-between treatment cycles potentially
producing large numbers of adult malaria vectors before the next application and
therefore jeopardizing the overall impact on malaria control. Another challenge of
larviciding programmes is the ground accessibility of habitats (Majambere et al. 2010).
Therefore, novel strategies to apply larvicides especially in large and vegetated aquatic

habitats need to be explored.

1.8 Overall aim and objectives

The aim of this thesis was to investigate two novel insecticides for the control of An.
gambiae s.l. the major malaria vector in sub-Saharan Africa: the insect growth regulator

pyriproxyfen (PPF) and a self-spreading silicone-based surface film (AMF).

The research was driven by the following hypotheses:

Hypothesis 1: Anopheles gambiae s.s. and An. arabiensis are highly susceptible to low
dosages of PPF and AMF leading to over 80% emergence inhibition for at least one
month after application and including sub-lethal effects on adults that survive exposure

during larval development.

Hypothesis 2: Operational application of PPF to aquatic habitats in the field at three-

weekly intervals inhibits over 80% of adult emergence from treated habitats.

Hypothesis 3: Exposure of adult An. gambiae s.s. to PPF around blood feeding time leads

to sterilization of the females.

Hypothesis 4. Adult An. gambiae s.s. can auto-dissemination PPF.

Hypothesis 5: Attract and kill strategies can be developed for controlling gravid malaria

vector by either (1) combining the residual larvicides PPF and AMF with a chemical
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oviposition attractant at application; or (2) luring the gravid females to an attractive
baiting station to contaminate them with PPF for horizontal transfer to aquatic habitats.
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2 Aquatain® Mosquito Formulation (AMF) for the
control of immature Anopheles gambiae sensu stricto
and Anopheles arabiensis: Dose-responses,

persistence and sub-lethal effects
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2.1 Abstract

Background: Persistent monomolecular surface films could benefit larval source
management for malaria control by reducing programme costs and managing insecticide
resistance. This study evaluated the efficacy of the silicone-based surface film,
Aquatain® Mosquito Formulation (AMF), for the control of the Afrotropical malaria
vectors, Anopheles gambiae sensu stricto and Anopheles arabiensis in laboratory dose-
response assays and standardized field tests.

Method: Tests were carried out following guidelines made by the World Health
Organization Pesticide Evaluation Scheme (WHOPES). Sub-lethal effects of AMF were
evaluated by measuring egg-laying and hatching of eggs laid by female An. gambiae s.s.
that emerged from habitats treated with a dose that resulted in 50% larval mortality in
laboratory tests.

Results: Both vector species were highly susceptible to AMF. The estimated lethal doses
to cause complete larval mortality in dose-response tests in the laboratory were 1.23 (95%
confidence interval (CI) 0.99-1.59) ml/m? for An. gambiae s.s. and 1.35 (95% CI 1.09-
1.75) ml/m? for An. arabiensis. Standardized field tests showed that a single dose of AMF
at 1ml/m? inhibited emergence by 85% (95% CI 82-88%) for six weeks. Females exposed
as larvae to a sub-lethal dose of AMF were 2.2 times less likely (Odds ratio (OR) 0.45,
95% CI 0.26-0.78) to lay eggs compared to those from untreated ponds. However,
exposure to sub-lethal doses neither affected the number of eggs laid by females nor the

proportion hatching.

Conclusion: AMF provided high levels of larval control for a minimum of six weeks,
with sub-lethal doses reducing the ability of female mosquitoes to lay eggs. The
application of AMF provides a promising novel strategy for larval control interventions
against malaria vectors in Africa. Further field studies in different eco-epidemiological
settings are justified to determine the persistence of AMF film for mosquito vector

control and its potential for inclusion in integrated vector management programmes.
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2.2 Background

Historically, larval source management made a significant contribution to many
successful malaria control programmes (Soper 1966; Kitron and Spielman 1989; Killeen
et al. 2002a; Keiser et al. 2005b; Walker and Lynch 2007). The application of petroleum-
based oils to water bodies to prevent emergence of adults is one of the oldest anti-larval
measures used for mosquito control (Micks et al. 1967; Hagstrum and Mulla 1968).
These petroleum-based oils kill the aquatic stages of mosquitoes by two mechanisms:
specific toxicity and suffocation (Freeborn and Atsatt 1918; Richards 1941) and provide
effective control for two weeks or more (Darwazeh et al. 1972; Mulla and Darwazeh
1981). However, a major limitation of petroleum-based oils was the formation of a thick
and non-uniform film that often required the addition of oil-soluble surface active agents
to ensure uniform spreading of the film (Murray 1940; Toms 1950). Additionally, there
are concerns about the damaging environmental consequences of these oils on non-target
aquatic organisms when applications are made at high doses (Mozley and Butler 1978;
Lopes et al. 2009). Monomolecular surface films (MMFs) that consist of non-ionic
surfactants were developed as potential alternatives to petroleum-based oils for mosquito
control (Garrett and White 1977; Nayar and Ali 2003). A unique feature of MMFs is that
they spread spontaneously and rapidly over a water surface to form a uniform ultrathin
film about one molecule in thickness — a monolayer (Garrett and White 1977; Nayar and
Ali 2003). Importantly, the effective doses used for mosquito control can be reduced 70
times when petroleum-based oils are replaced by MMFs (Garrett and White 1977), which
saves on shipment, storage and application costs. Unlike petroleum-based oils and other
control agents, MMFs are not toxic to immature mosquitoes (Reiter 1978; Reiter and
McMullen 1978). Their mode of action is physical, rather than chemical, and they work
by lowering the water surface tension that affects all stages of the mosquito life-cycle; it
is ovicidal, larvicidal, pupicidal and adulticidal (Garrett and White 1977; Reiter and
McMullen 1978). The reduced surface tension wets and drowns eggs, suffocates larvae
and pupae and kills emerging and ovipositing females by drowning (Reiter and McMullen
1978; Levy et al. 1982). This is an advantage over conventional insecticides that are only
effective against larva (Poopathi and Abidha 2010) or pupae (Mian and Mulla 1982).
Importantly, the physical mode of action reduces the chance of mosquitoes developing
resistance.
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Lecithin monolayers were the first MMFs to be evaluated for mosquito control but were
only effective for two days when used to control Anopheles gambiae sensu lato in
Western Kenya (Reiter 1979). Arosurf ® MSF and Agnique®MMF are two commercially
available MMFs made from renewable plant oils that are effective at controlling
mosquitoes for up to five weeks in a variety of habitat types (Mulla et al. 1983; Karanja et
al. 1994; Nayar and Ali 2003; Batra et al. 2006). However, MMFs are yet to gain wider
acceptance in mosquito control programmes because of concerns about the disturbance of
the film by environmental influences such as wind, rainfall and vegetation cover resulting
in a patchy distribution of the chemical and mosquito emergence (Levy et al. 1981; Levy
et al. 1982; Nayar and Ali 2003).

Agquatain® Mosquito Formulation (AMF) is a silicone-based film with a unique self-
spreading ability. AMF was initially developed as an anti-evaporant to prevent water loss
from large water reservoirs. The advantage of the AMF film is its resilience to breakages
by wind and rainfall as well as its ability to penetrate vegetation cover and floating debris
on the water surface. These properties combined with its safety to humans make it a
promising agent for mosquito control especially in large and highly vegetated habitats
that have often proven difficult to treat with insecticides (Bukhari et al. 2011).
Surprisingly, to date only two studies have been published evaluating the potential of
AMEF for the control of An. gambiae s.l., the major malaria vector in sub-Saharan Africa;
one laboratory (Bukhari and Knols 2009) and one field (Bukhari et al. 2011) study.

We aimed to supplement the available knowledge by testing the efficacy of AMF for the
control of An. gambiae sensu stricto and An. arabiensis in Phase | and Phase 11 trials
following the standardized procedures by the World Health Organization Pesticide
Evaluation Scheme (WHOPES) (WHO 2005a). The specific aims of the study were to:
(1) determine and compare the susceptibility of An. gambiae s.s. and An. arabiensis; (2)
establish the initial and residual activity of AMF under standardized field conditions; and
(3) test delayed effects of exposure to sub-lethal doses of AMF during larval development

on a female’s ability to lay eggs, the number of eggs laid and the number of eggs hatched.
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2.3 Methods

2.3.1 Study area

The study was carried out at the International Centre of Insect Physiology and Ecology,
Thomas Odhiambo Campus (icipe-TOC) located on the shore of Lake Victoria in
Homabay county, western Kenya (geographic coordinates 0° 26> 06.19” S, 34° 12’
53.13”E; altitude 1,137 m above sea level). The area is characterized by two rainy
seasons, the long rains between March and June and the short rains between October and
December. The average annual rainfall for 2010 to 2013 was 1, 645 mm (icipe-TOC
meteorological station). The laboratory study was conducted in June, 2011 while the
standardized field tests were conducted in June-August 2012.

2.3.2 Mosquitoes

Insectary-reared third instar larvae of An. gambiae s.s. and An. arabiensis (Mbita strains)
were used for all experiments in this study. The mosquito immature stages were
maintained in a netting-screened greenhouse-like building (semi-field system; 7.1m wide,
11.4 m long and 2.8 m high at the wall and 4.0 m high at the highest point of the roof)
(Dugassa et al. 2012) with an average daily temperature of 25-28°C, relative humidity of
68-75% and natural lighting. Mosquito maintenance is described more fully elsewhere
(Das et al. 2007). Briefly, mosquito larvae were reared in round plastic tubs (diameter 60
cm) filled with 5 | water (5 cm deep) from Lake Victoria filtered through a charcoal-sand
filter. The mosquito larvae were fed with fish food (Tetramin©Baby) twice daily.
Mosquito larvae for experiments were randomly collected from different tubs to ensure
that larvae introduced into each experimental cup or pond were of equal size (Araujo et
al. 2012).

2.3.3 Insecticide
AMF was provided by the manufacturer Aquatain Products Pty Ltd., Australia. AMF
contains 78% polydimethylsiloxane (silicone), the active ingredient. The manufacturer’s

recommended application rate for mosquito control is 1 ml/m?.
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2.3.4 Dose-response tests

Tests were carried out on tables located in a semi-field system under ambient climatic
conditions but protected from rain (Dugassa et al. 2012). In range-finding tests, mortality
rates were evaluated at doses between 0.01-1 ml/m? compared to untreated controls.
Thereafter, dose-response tests were carried out with dosages that yielded between 10%
and 95% larval mortality in the range finding tests to determine the lethal doses, LDsy,
LDgoand LDgo. Thus, the following dosages were evaluated: 0.05 ml/m?, 0.1 ml/m?, 0.2
ml/m?, 0.4 ml/m? and 0.5 ml/m® These were compared to larval mortality in untreated

controls.

To carry out the tests, batches of 25 third-instar larvae were introduced into plastic tubs
(diameter 0.42 m) filled with 5 | (depth 5 cm) of unchlorinated tap water originating from
Lake Victoria. Thereafter, the appropriate volume of AMF was applied into the treatment
tubs to obtain the above doses. Application of AMF was done using a micropipette.
Anopheles gambiae s.s. and An. arabiensis were evaluated in parallel. The tests were
conducted over three rounds on separate dates. Each test round lasted for 48 hours. Data
on number of dead larvae was collected every 24 hours. Test larvae were fed on
Tetramin©Baby fish food every 24 hours. In each round there were four replicates per
test dosage and control for each mosquito species. Thus in total for each mosquito species

there were 12 replicates per test dosage and control.

2.3.5 Standardized field tests

Tests were carried out in an open sunlit area within icipe-TOC campus that had been
cleared of vegetation. Artificial ponds were created by sinking 40 plastic tubs, (diameter
0.42 m, depth 10 cm) into the ground. Ponds were arranged 1.5 m apart in eight rows with
each row having five ponds. Each plastic tub was filled with 8 | of unchlorinated water
and 2 | of soil to provide suitable biotic and abiotic parameters for mosquito larvae.
Acrtificial ponds were used because tests were implemented during the dry season when
natural breeding habitats of An. gambiae s.l. are often limited in number (Jawara et al.
2008; Mala et al. 2011; Govoetchan et al. 2014). These tests were also conducted with
insectary-reared An. gambiae s.s. and An. arabiensis larvae due to the low density of
vectors in the study area during the dry season (Fillinger et al. 2004). Both species were

tested in parallel. Batches of 50 third-instar larvae were introduced into each pond before
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AMF was applied into treatment ponds; 20 ponds contained An. gambiae s.s. and 20
ponds contained An. arabiensis. The ponds were assigned into treatments and controls by
lottery. Twenty ponds (10 per species) were treated with AMF at the manufacturer’s
recommended dose of 1 ml/m?. Since the surface area of water in each pond was 0.14 m?,
a volume of 0.14 ml (140 pl) was applied at the edge of the pond using a micropipette.
The remaining 20 ponds (10 per species) were left untreated and served as controls. After
AMF application an emergence trap modified from Fillinger et al., (2009b) was placed on
top of each pond to prevent adult mosquitoes escaping and to avoid natural colonization
of ponds by wild mosquitoes. A cone-shaped frame made of metallic rods was covered by
mosquito netting with a sleeve to allow aspiration of any emerged adults (Figure 2.1).

The residual effect of a single dose of AMF was evaluated for six weeks by introducing
new batches of 50 insectary-reared third-instar larvae into each pond each week. New
batches of mosquito larvae were introduced into a pond using a plastic disposable transfer
pipette (Fisherbrand, capacity 3 ml). This was done by first inserting the mouth of the
pipette into the water before releasing the mosquito larvae gently into the water. After one
week all larvae had developed into adults or died. After introducing larvae into each pond
the number of live larvae and pupae and emerged adults was recorded daily. This was
done by first assessing the emergence trap on each pond for presence of any emerged
adult. If any adult was found in the trap it was aspirated into a holding plastic cup with
the opening covered with mosquito netting. Emerged adults from separate ponds were
held in separate holding plastic cups. At the end of a round, after six weeks, water from
the ponds was discarded and set-up afresh for the next treatment round. The tests were
conducted in three rounds. Rainfall was recorded at the icipe-TOC meteorological station

weekly.
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Figure 2.1: Standardized field test set up. Netting-covered emergence trap on top of

artificial pond.

2.3.6 Delayed effects in adults emerging from sub-lethal dosages

Forty artificial ponds (diameter 0.42 m) were set-up as described above in a semi-field
system. Here the ponds were arranged in four parallel rows with 10 ponds in each row.
Batches of 50 insectary-reared third instar An. gambiae s.s. larvae were introduced into
each pond. Thereafter, 20 of the ponds were randomly selected and treated with AMF at
0.12 ml/m?, the dose that killed 50% of larvae in laboratory dose-response tests. To obtain
this dose, 16.8 ul of AMF was applied at the edge of each treatment pond using a
micropipette. The remaining 20 ponds were left untreated to serve as controls. Adult
emergence from ponds was monitored as described above. The number of days to
pupation was recorded. In addition the behaviour and movement of the larvae in water
was observed. Tests were carried out in three rounds on separate dates with each round
running for one week, sufficient for all larvae to successfully develop into adults or die.
Every week, ponds were discarded to set-up the next treatment round with fresh batches

of larvae.

Male and female mosquitoes that emerged from ponds were brought to the laboratory and
transferred into 30 x 30 x 30 cm cages provided with 6% glucose solution ad libitum.
Adults collected from control and treatment ponds were maintained in separate cages.
Females in the cages were provided with a blood meal on a human arm on two

consecutive days when they were 3-5 days old. On the third day after the last blood meal,
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gravid females were individually introduced into 15 x 15 x 15 cm cages that contained a
glass cup (diameter 7 cm) filled with 100 ml unchlorinated tap water to serve as
oviposition substrate. Mosquitoes were left overnight to lay eggs and the number of eggs
laid by individual females the following morning was recorded. Eggs were left in the
oviposition cups for three days to hatch. The number of eggs that hatched into larvae was
recorded. Here the egg-laying capacity and hatching of eggs laid by 50 individual females
collected from control ponds and 50 females from treatment ponds was evaluated in each
round. Thus in total 150 individual females from control and 150 females from treated

ponds were used in this test.

2.3.7 Statistical analysis

IBM SPSS Statistics 20 software was used for data analyses. Dose-response data were
analysed using log-dosage probit regression analysis. All replicates of the dose-response
tests were pooled by doses for each mosquito species to estimate the lethal dose that
killed 50% of the population (LDsg) and the LDgo and LDggy. Test dosages were included
in the model as covariates and mosquito species as factors. Relative median potency
estimates were used to compare the susceptibility of mosquito species. Generalized
estimating equations (GEE) fitted to a negative binomial distribution with a log-link
function and an exchangeable correlation matrix were used to estimate the impact of
treatment of ponds on adult emergence. The pond identity number was included as the
repeated measure variable since data on larval mortality was repeatedly collected from the
same pond. Treatment, mosquito species, application round, water turbidity (categorized
as clear or turbid) and presence or absence of rain during the test week were included in
the model as fixed factors. Interactions between treatment and turbidity, and treatment
and rain were also included in the model. A GEE model was also used to estimate the
delayed effect of exposure of An. gambiae s.s. to sub-lethal dosages in the larval habitat
on egg-laying and hatching of eggs. The parameter estimates of the GEE models were
used to predict the weekly mean adult emergence, mean number of eggs laid per female
and mean number of eggs that hatched into larvae and their associated 95% confidence
intervals by removing the intercept from the models. Weekly percent reductions in adult
emergence from treated ponds was calculated with Abbott’s formula (Abbott 1987). The
time to pupation of larvae introduced into ponds in tests to evaluate sub-lethal effects of
AMEF was calculated using the formula: (Ax1) + (Bx2) + (Cx3)+(Hx8)/(Total number
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of pupae collected) where A, B, C"H are the number of pupae collected on day 1, 2, 3 to
8.

2.3.8 Ethical considerations
Ethical approval for arm-feeding mosquitoes was obtained from the Kenya Medical
Research Institute’s Ethical Review Committee. An experimental permit to import and

test AMF was granted by the Pest Control Products Board, Nairobi, Kenya.

2.4 Results

2.4.1 Dose-response tests

Larval mortality was similar in the three experimental rounds for each mosquito species;
therefore rounds were pooled for each mosquito species for calculation of mean larval
mortality and effective lethal doses. The relative median potency estimates showed that
both mosquito species were equally susceptible to AMF. Larval mortality occurred at all

doses tested (Figure 2.2).
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Figure 2.2: Mean mortality of larvae exposed to increasing doses of AMF in dose—

response tests. Error bars represent 95% confidence intervals.

Probit analysis predicted that approximately 0.5 ml/m? was required to kill 90% of all

exposed larvae whilst slightly over 1 ml/m? of AMF was needed to kill all larvae after 48
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hours of exposure (Table 2.1). It was observed that at the two lower doses of AMF, 0.05
and 0.1 ml/m?, some parts of the water surface remained untreated. Observation of the
larvae in tubs treated at dosages above 0.1 ml/m? showed a reduced activity compared to
larvae in control tubs and very slow response rates when disturbed e.g. when passing a
hand over water surface or tapping the larval container. Larvae exposed to higher doses of
AMEF were often observed to coil into a circle with their mouthparts placed on the

abdomen in a tail nibbling effect.

Table 2.1: Effective doses of AMF against third instar An. gambiae s.s. and An.

arabiensis
An. gambiae s.s. An. arabiensis
ml/m> ml/m*
LCso (95% CI) 0.12 (0.11-0.13) 0.13 (0.11-0.15)
LCy (95% CI) 0.43 (0.37-0.51) 0.47 (0.41-0.56)
LCq9 (95% CI) 1.23 (0.99-1.59) 1.35 (1.09-1.76)

2.4.2 Standardized field tests

The effect of AMF on larval mortality under field conditions was not significantly
different between An. gambiae s.s. and An. arabiensis (Table 2.2) thus data for the two
species were pooled to show weekly larval mortality in Figure 2.3 and to calculate weekly
percent mortality (Table 2.3).
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Table 2.2: GEE analysis of factors affecting adult emergence from ponds

Explanatory variables Odds ratio (95% CI) p-value
Treatment

treatment ponds 0.15 (0.12-0.18) <0.0001
control ponds 1

Mosquito species

An. gambiae s.s. 0.94 (0.85-1.04) 0.235
An. arabiensis 1

Round

round 3 1.05 (0.93-1.19) 0.408
round 2 1.09 (0.95-1.24) 0.223
round 1 1

Weeks

week 6 2.61 (1.70-4.02) <0.0001
week 5 2.37 (1.60-3.51) <0.0001
week 4 2.71 (1.78-4.10) <0.0001
week 3 1.35(1.12-1.64) 0.002
week 2 1.01 (0.93-1.10) 0.778
week 1 1

Water turbidity

Turbid 0.65 (0.51-0.82) <0.0001
Clear 1

Rainfall

Rain 0.80 (0.68-0.95) 0.013
no rain 1

Interaction between treatment and turbidity
treatment*turbid 2.72 (1.99-3.72) <0.0001
treatment*clear 1

Interaction between treatment and rainfall
treatment™rain 1.45(0.95-2.11) 0.053
treatment*no rain 1

*symbol for interaction between factors

AMF applied at 1 ml/m? provided complete larval mortality for two weeks. Emergence
from treatment ponds occurred from week 3, but this remained below 10% over the six

week monitoring period (Figure 2.3). The emergence of adults coincided with the



observation of small breakages of the surface film in some of the ponds from the third
week onwards. On average, 84.7% (95% 75.7-93.3%) of larvae introduced weekly into
control (untreated) ponds successfully developed into adults. Results were very consistent

from round to round (Figure 2.3).
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Figure 2.3: Weekly emergence of An. gambiae s.l. from control (C) and treatment

(T) in standardized-field tests. Error bars represent 95% confidence intervals.

Adjusting for other factors, it was 6.7 times less likely for an adult to emerge from treated
ponds compared to control ponds (Table 2.2). However, the probability of emergence
increased over time and was 1.4-2.6 times higher from ponds that had received treatment
3-6 weeks earlier compared to freshly treated ponds (Table 2.2). Both turbidity and
rainfall affected adult emergence from ponds irrespective of the treatment. It was 1.5
times less likely for adults to emerge from turbid ponds than from clear ponds and 1.25
times less likely to emerge if it had rained during the exposure week (Table 2.2). In
addition to the main effect, turbidity and rainfall interacted with the treatment in such a
way that both factors increased the probability of emergence from AMF treated ponds, or
in other words, slightly decreased the impact of the intervention (Table 2.2). The overall
impact of the interaction can be estimated by multiplying the odds ratios (Katz 2006).
This means for instance that while it was 6.7 times less likely for adults to emerge from
treated ponds that were clear in the first week of round 1, it was only 3.8 times less likely
for adults to emerge from treated ponds that were turbid in the same time period.

Similarly, while it was 4.5 times less likely for adults to emerge from treatment ponds
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when it failed to rain during week 3 of round 2, the likelihood of emergence was only 3.8

times less from similar treatment ponds at same time period when it rained.

Table 2.3: Weekly percent mortality of An. gambiae s.l. larvae in treatment ponds

Week1  Week2 Week 3 Week 4 Week 5 Week 6
round 1 100 100 97 (96-99) 90 (87-92) 94 (92-96) 94 (91-96)
round 2 100 100 97 (96-98) 95(92-97) 93 (92-95) 93 (92-94)
round 3 100 100 95(94-99) 95 (93-97) 94 (92-96) 93 (90-95)

2.4.3 Delayed effects in adults emerging from sub-lethal dosages

Results from individual rounds were similar (p=0.16) and therefore pooled for analysis.
The mean percent adult emergence was 92.9% (95% CI 92.4-93.3%) from untreated
ponds and 55.8% (95% CI 44.9-66.5%) from treated ponds. Significant differences were
observed in the mean pupation time of larvae introduced in control and treatment ponds.
Of those larvae that survived, the mean pupation time was estimated as 3.4 days (95% CI
3.0-3.7) in control ponds and 4.9 days (95% CI 4.4-5.3) in ponds treated with sub-lethal
dose of AMF. Furthermore, live larvae in treated ponds often showed signs of weakness
as they exhibited slow movement when disturbed on the water surface in contrast to those

unexposed.

Females that emerged from ponds treated with sub-lethal doses of AMF were 2.2 times
less likely (OR 0.45; 95% CI 0.26-0.78) to lay eggs compared with females from
untreated ponds. However, if females laid eggs the mean number of eggs laid per female
did not differ significantly between treatment groups (p=0.31). The mean number of eggs
laid per female was 49.3 (95% CI 41.3-58.8) when adults emerged from control ponds
and 45.4 (95% CI 37.4-55.1) when females emerged from larvae that developed in ponds
treated with a sub-lethal dose of AMF. Similarly, there were no significant differences in
the hatching of eggs laid by females emerged from treated and control ponds (p=0.18).
The mean number of hatched eggs was 41.0 (95% CI 38.0-44.2) when eggs were laid by
females emerging from control ponds and 36.8 (95% CI 33.8-40.1) for eggs laid by

females emerging from ponds treated with a sub-lethal dose of AMF.
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2.5 Discussion

The dose-response tests and consequent standardized field tests confirmed that the
manufacturer’s recommended dosage of 1 ml/m? is effective for the control of the two
malaria vectors, An. gambiae s.s. and An. arabiensis. Furthermore, the dose-response tests
highlight the high susceptibility of these two species with half the recommended dosage
(0.5 ml/m?) already leading to 90% mortality and approximately a quarter of it still
leading to greater than 50% mortality. Anopheles gambiae s.s. and An. arabiensis were
equally susceptible to AMF which is not surprising given the physical mode of action of
this larvicide and the similar larval behaviour of both vector species (Clements 2000)

exposing them to the surface film while feeding.

The standardized field tests showed over 80% emergence inhibition from AMF-treated
ponds over the entire six week observation period, confirming the stability of the silicone-
based surface film over time. Our results confirm the extended residual activity of AMF
and other MMFs reported in the field (Nayar and Ali 2003; Batra et al. 2006; Webb and
Russell 2012). Studies have shown that Arosurf® MSF and Agnique® MMF are effective
for control of different genera of mosquito for 7-21 days (Mulla et al. 1983; Nayar and
Ali 2003). The efficacy of AMF was found to last 4-6 weeks for the control of Culex and
Aedes larvae in small-scale field trials in Australia (Webb and Russell 2012). It is
important, however, to consider that our test habitats were small, confined and
undisturbed and phase 111 trials should now be conducted to evaluate AMF in different
habitat types and sizes to establish the residual activity under different environmental
conditions to give final recommendations for application intervals for different habitat
types. The only field study to evaluate AMF for control of Afrotropical malaria vectors
found the film to be effective in reducing emergence of anopheline and culicine
mosquitoes when applied at 1 ml/m? in rice paddies in Western Kenya (Bukhari et al.
2011). However, a double dose (2 ml/m?) was necessary to effectively suppress larval
densities of both mosquito genera (Bukhari et al. 2011). Differences in susceptibility of
life stages of mosquito immatures to surface films have been reported elsewhere (Nayar
and Ali 2003; Bukhari and Knols 2009).

Turbid water and rainfall reduced the efficacy of AMF for mosquito control. The water in

our artificial ponds could have been turbid due to algae, bacteria and other suspended
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particles in the water column (Cuker 1987). Possibly turbidity increased the rate of
degradation of the AMF film therefore reducing film efficacy from the effect of increased
water temperatures (Levy et al. 1981; Paaijmans et al. 2008; Gouagna et al. 2012; Mereta
et al. 2013). It might also be that the reduced efficacy of the film in turbid water is caused
by natural films formed by suspended particles that limit the spread of AMF film (Garrett
and White 1977). Rainfall in general increased larval mortality irrespective of the
treatment likely due to flush out effects (Paaijmans et al. 2007). However, larvae from
treated ponds that experienced rain during the week of exposure were more likely to
survive than larvae from treated ponds without rain, probably because rain breaks up the
surface film and provides pockets of film free environments for larval development (Levy
et al. 1981). It has been reported in other studies that rainfall is a major factor that limits
the efficacy of surface films for mosquito control (Levy et al. 1981; Levy et al. 1982),
though in our study rainfall reduced the activity of AMF only slightly. However, this tool
would be especially promising when applied to aquatic habitats in the dry season due to
the minimal climatic and environmental influences at this time providing long-lasting

control with a single application.

Exposure of larval stages to sub-lethal doses of AMF increased larval development time
and reduced the proportion of gravid females egg-laying. Similar effects have been
reported for organophosphates, spinosyns, insect growth regulators and microbials (Loh
and Yap 1989; Robert and Olson 1989; Wang and Jaal 2005; Antonio et al. 2009; Kamal
and Khater 2010; Sanil and Shetty 2012). These effects would be an additional benefit to
larviciding programmes as they reduce the frequency of larvicide application thereby
reducing intervention costs (Worrall and Fillinger 2011). Longer larval development time
predisposes mosquito larvae to several risks that reduce their survival including predation,
disturbances by human activities and instability of breeding habitats (Padmanabha et al.
2010; Padmanabha et al. 2011; Oliver and Brooke 2013). It has been previously shown
that nutrient deprivation is a common cause of prolonged mosquito larval development
(Lehmann et al. 2006; Telang et al. 2007; Yoshioka et al. 2012; Oliver and Brooke 2013;
Takken et al. 2013). Thus, it is most likely in the current study the prolonged larval
development was caused by poor nutrition of larvae in treatment ponds. This is because
as observed in our dose-response tests and previous studies (Reiter and McMullen 1978;
Corbet et al. 2000), mosquito larvae exposed to MMFs spend a great deal of time

attempting to wash off the liquid that blocks their respiratory structures and thus have
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little time to feed. Adults that emerge from poorly fed larvae are often small in size with
low teneral reserves (Koenraadt et al. 2010; Oliver and Brooke 2013; Takken et al. 2013),
with the effect of reduced egg-laying capacity (Steinwascher 1982; Briegel 1990), a
phenomenon observed in the current study. Additional effects of reduced survival and
insemination in females have been observed in adults deprived of nutrients during the
larval stage (Ameneshewa and Service 1996; Oliver and Brooke 2013), which can

potentially reduce the vectorial capacity.

2.6 Conclusion

The high susceptibility of An. gambiae s.s. and An. arabiensis, the long residual activity,
sub-lethal effects on larval development and reproduction combined with the physical
mode of action makes AMF a novel, and potentially important tool for larval control
interventions against malaria vectors in Africa. Further field studies in different eco-
epidemiological settings are justified to determine the efficacy and persistence of AMF
film for mosquito vector control and its potential for inclusion in integrated vector
management programmes. Furthermore, although AMF and other MMFs have been
shown to have minimal effect on most non-target aquatic insects since they spend much
less time on the water surface (Mulla et al. 1983; Nayar and Ali 2003; Bukhari et al.
2011), concerns on the safety of those that rely on the water surface for respiration and
movement needs to be investigated. AMF might be a useful control agent to be
considered for rotation or in combination with other larvicides to reduce insecticide-

resistance development.
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3 Dose-response tests and semi-field evaluation of
lethal and sub-lethal effects of slow release
pyriproxyfen granules (Sumilarv®(0.5G) for the
control of the malaria vectors Anopheles gambiae

sensu lato
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3.1 Abstract

Background: Recently research has shown that larviciding can be an effective tool for
integrated malaria vector control. Nevertheless, the uptake of this intervention has been
hampered by the need to re-apply larvicides frequently. There is a need to explore
persistent, environmentally friendly larvicides for malaria vector control to reduce
intervention efforts and costs by reducing the frequency of application. In this study, the
efficacy of a 0.5% pyriproxyfen (PPF) granule (Surmilarv®0.5G, Sumitomo Chemicals)
was assessed for the control of Anopheles gambiae sensu stricto and Anopheles

arabiensis, the major malaria vectors in sub-Saharan Africa.

Methods: Dose-response and standardized field tests were implemented following
standard procedures of the World Health Organization’s Pesticide Evaluation Scheme to
determine: (i) the susceptibility of vectors to this formulation; (ii) the residual activity and
appropriate retreatment schedule for field application; and, (iii) sub-lethal impacts on the
number and viability of eggs laid by adults after exposure to Sumilarv®0.5G during

larval development.

Results: Anopheles gambiae s.s. and An. arabiensis were highly susceptible to
Sumilarv®0.5G. Estimated emergence inhibition (EI) values were very low and similar
for both species. The minimum dosage that completely inhibited adult emergence was
between 0.01-0.03 parts per million (ppm) active ingredient (ai). Compared to the
untreated control, an application of 0.018 ppm ai prevented 85% (95% confidence
interval (Cl) 82%-88%) of adult emergence over six weeks under standardized field
conditions. A fivefold increase in dosage of 0.09 ppm ai prevented 97% (95% CI 94%-
98%) emergence. Significant sub-lethal effects were observed in the standardized field
tests. Female An. gambiae s.s. that were exposed to 0.018 ppm ai as larvae laid 47% less
eggs, and females exposed to 0.09 ppm ai laid 74% less eggs than females that were
unexposed to the treatment. Furthermore, 77% of eggs laid by females exposed to 0.018
ppm ai failed to hatch, whilst 98% of eggs laid by females exposed to 0.09 ppm ai did not
hatch.

Conclusion: Anopheles gambiae s.s. and An. arabiensis are highly susceptible to

Sumilarv®0.5G at very low dosages. The persistence of this granule formulation in
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treated habitats under standardized field conditions and its sub-lethal impact, reducing the
number of viable eggs from adults emerging from treated ponds, enhances its potential as
malaria vector control tool. These unique properties warrant further field testing to

determine its suitability for inclusion in malaria vector control programmes.

3.2 Background

Malaria control interventions with long-lasting insecticidal nets (LLINs) and indoor
residual spraying (IRS) have resulted in substantial reductions of malaria cases in sub-
Saharan Africa (Steketee and Campbell 2010; Okumu and Moore 2011). Since both
LLINs and IRS target the fraction of the vector population that enter houses (Robert and
Carnevale 1991; Pinder et al. 2011) their efficacy is threatened by vectors developing
resistance to insecticides used indoors (WHO 2000; Chouaibou et al. 2008; Kawada et al.
2011a) and behavioural adaptations where vectors shift their biting patterns to bite in
early evening and in the morning when people are out of the nets (Faye et al. 1997;
Reddy et al. 2011). There has also been a shift in the vector species’ composition in parts
of East Africa with LLINs dramatically reducing the numbers of largely endophilic
Anopheles gambiae s.s. but having little or no impact on Anopheles arabiensis that tends
to bite and rest outdoors (Bayoh et al. 2010; Russell et al. 2010; Kitau et al. 2012)
resulting in An. arabiensis becoming the dominant vector. Since IRS and LLINs cannot
totally suppress malaria transmission there is a growing interest in the use of additional
tools in an integrated vector management approach (Clive 2002; WHO 2004; Beier et al.
2008; Chanda et al. 2008; Fillinger et al. 2009a).

Larval source management has been re-evaluated for malaria control (Fillinger et al.
2003; Shililu et al. 2003b; Fillinger and Lindsay 2006; Majambere et al. 2007;
Geissbunhler et al. 2009; Bukhari et al. 2011), with results indicating the added benefit
larval control could have when used together with interventions that target adult
mosquitoes (Chanda et al. 2008; Fillinger et al. 2009a; Shaukat et al. 2010). One of the
advantages of larval source management is that it targets the aquatic stages of the vectors
thus controlling both indoor and outdoor biting and resting and insecticide resistant
mosquitoes (Fillinger and Lindsay 2011). Commercially available chemical larvicides and
microbials are highly effective in the control of the major malaria vectors of sub-Saharan
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Africa (Majori et al. 1987; Karch et al. 1991; Karch et al. 1992; Ragoonanansingh et al.
1992; Ravoahangimalala et al. 1994; Skovmand and Bauduin 1996; Seyoum and Abate
1997; Fillinger et al. 2003; Shililu et al. 2003b). However, relatively few studies
evaluated them under operational conditions (Barbazan et al. 1998; Fillinger and Lindsay
2006; Shililu et al. 2007; Fillinger et al. 2008; Fillinger et al. 2009a; Majambere et al.
2010) and a major limitation is their short activity under most environmental conditions,
frequently requiring weekly re-application (Skovmand and Sanogo 1999; Fillinger et al.
2003; Majambere et al. 2007; Fillinger et al. 2008). Larvicide and labour are the major
costs in large-scale larval control programmes and these could be substantially reduced if
re-application intervals could be reduced without jeopardizing the impact of the
intervention (Worrall and Fillinger 2011). In addition, the toxic effects of chemical-based
larvicides to non-target aquatic insects limits their use for regular larviciding programmes
(Fales et al. 1968; Fortin et al. 1987).

Sumilarv®0.5G (Sumitomo Chemicals) is a granule insecticide developed for mosquito
control. The active ingredient is pyriproxyfen (PPF) (4-phenoxyphenyl (RS)-2-(2-
pyridyloxy) propyl ether), a juvenile hormone analogue that acts as an insect growth
regulator. PPF generally inhibits adult emergence of target insects (Kamimura and
Arakawa 1991; Yapabandara and Curtis 2002; Vythilingam et al. 2005). However it also
has delayed effects on female reproduction of adult mosquitoes exposed to sub-lethal
doses at the larval (Loh and Yap 1989; Kamal and Khater 2010) or adult stage (Itoh et al.
1994, Sihuincha et al. 2005). Sumilarv®0.5 has exceptional residual activity of up to six
months for the control of Aedes, Culex and Anopheles mosquitoes in their natural
breeding habitats (Chavasse et al. 1995a; Yapabandara and Curtis 2002; Sihuincha et al.
2005; Vythilingam et al. 2005). Furthermore, PPF has been evaluated as a safe insecticide
for application in drinking water (WHO 2008a) with minimal impacts on non-target
aquatic insects and the environment (Mulla et al. 1986; Schaefer et al. 1988; Schaefer and
Miura 1990; Schaefer et al. 1991; WHO 2008a). Nevertheless, Sumilarv®0.5G has never
been evaluated for the control of immature stages of An. gambiae s.l., the major malaria
vector in sub-Saharan Africa.

The objectives of the present study were to evaluate the efficacy of this granular
formulation of PPF for the control of An. arabiensis and An. gambiae s.s. by determining:

(i) the minimum effective dose in dose-response tests; (ii) the optimum application dose
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to be applied under field conditions; (iii) the residual period of the optimum dose; and,
(iv) the effects of sub-lethal doses on egg production and larval hatching. All tests were
based on the World Health Organization Pesticide Evaluation Scheme (WHOPES)
guidelines for laboratory and field testing of mosquito larvicides (WHO 2005a).

3.3 Methods

3.3.1 Study area

The study was conducted at the International Centre of Insect Physiology and Ecology-
Thomas Odhiambo Campus (icipe-TOC) in Mbita (0° 26" 06.19” S; 34° 12" 53.13” E)
close to Lake Victoria, Western Kenya (altitude 1,137 m). Here, the major malaria
vectors are An. arabiensis with a small number of An. gambiae s.s. and An. funestus
(Kawada et al. 2011b). The area is characterized by a tropical climate with an average
annual minimum temperature of 16°C and an average maximum temperature of 28°C
(icipe-TOC meteorological station data for 2010 to 2012). The area experiences two
major rainy seasons, the long rains between March and June and the short rains between
October and December. The average annual rainfall for 2010 to 2012 was 1,150mm
(icipe-TOC meteorological station). The laboratory tests were conducted in July-August
2011 while the standardized field tests were conducted between October 2011 and
January 2012.

3.3.2 Mosquitoes

Both laboratory and standardized field tests used insectary-reared third instar larvae of
An. arabiensis and An. gambiae s.s. (Mbita strains). Larvae were reared in round plastic
tubs (diameter 60 cm) filled with water (5 I, 5 cm high) from Lake Victoria filtered
through a charcoal-sand filter. Mosquito larvae were fed with fish food (Tetramin©Baby)
twice daily. Third instar mosquito larvae were selected from different tubs so that the
larvae were of a similar range in size in each tub tested (Araujo et al. 2012). Mosquito
larvae were reared at ambient climate and light conditions in a netting-screened
greenhouse with an average daily temperature of 27°C, an average 76% relative humidity

and a natural 12 hours of dark and 12 hours of light cycle.
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3.3.3 Insecticide

Sumilarv®0.5G was provided by the manufacturer Sumitomo Chemicals Company,
Japan, for all tests. It is a granular formulation containing 0.5% active ingredient (weight:
weight).

3.3.4 Dose-response tests

Tests were done in the shade, under ambient climate and light conditions in a netting-
screened greenhouse. Prior to the dose-response tests, range-finding tests were
implemented by exposing test larvae to a wide range of test concentrations and a control.
This served to find the activity range of the insecticide for each test species.
Concentrations between 10 parts per million (ppm) active ingredient (ai) and 0.0000001
ppm ai were tested. After determining the emergence inhibition (EI) of the larvae in the
wider range, nine concentrations were chosen, yielding between 10% and 95% EI in the
range-finding tests in order to determine the Elso, Elgg and Elgg in dose response
bioassays. The following concentrations were tested: 0.005 ppm ai, 0.001 ppm ai, 0.0005
ppm ai, 0.0001 ppm ai, 0.00007 ppm ai, 0.00004 ppm ai and 0.00001 ppm ai, 0.000005
ppm ai, 0.000001 ppm ai.

A stock solution was prepared by grinding the granular formulation into a very fine
powder following the procedure of Sihuincha et al. (2005). Using a pestle and mortar, 5 g
of Sumilarv®0.5G (25 mg ai) was ground and added to 500 ml of non-chlorinated tap
water. This gave a stock solution of 10,000 ppm Sumilarv®0.5G (50 ppm ai). The mouth
of the vial was covered with aluminium foil and the solution left to agitate for one hour
on a shaker (Gerhardt Analytical Systems). Since Sumilarv®0.5G is a slow release
formulation the mixture was left overnight to allow the active ingredient to be released
into solution. In the morning the mixture was again agitated on a shaker for 30 minutes to
prepare a homogenous mixture since some of the inert ingredients of the formulation
(potentially still containing some active ingredient) had settled overnight. Serial dilutions
were made immediately after shaking in non-chlorinated tap water to produce the test
concentrations.
Anopheles arabiensis and An. gambiae s.s. were evaluated in parallel. Each test
concentration and a control were replicated four times per round per mosquito species.
Two hundred millilitres of each test solution was set up in 300 ml plastic cups. Three
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rounds of tests were implemented. Separate batches of 25 insectary-reared third instar
larvae of both test species were introduced into each test concentration and the control
(non-chlorinated tap water). Thus in total 300 larvae of each species were tested per test
concentration and control (total of 3000 larvae). Larvae were fed with Tetramin© Baby
fish food every 24 hours and cups covered with netting to prevent any emerging adults
from escaping. The number of live and dead larvae, pupae and adults was recorded every
24 hours for 10 days. Live pupae from each cup were transferred into a separate cup with
approximately 20 ml of water from the respective cup of collection. These cups were
covered with netting and pupae monitored for emergence. Separate pipettes were used to

collect pupae from treated and control cups to avoid cross-contamination.

3.3.5 Standardized field tests

Standardized field tests (WHO 2005a) were carried out in an open field with grass
approximately 3 cm in height between October 2011 and March 2012. Thirty artificial
ponds were set up in an open field by sinking enamel-coated bowls (diameter 42 cm,
depth 10 cm) into the ground (Figure 3.1). Ponds were arranged 2 m apart in Six rows.
Each bowl was filled with 8 | of non-chlorinated tap water. Into each pond 2 | of soil
collected from the surrounding field was added and mixed well to resemble a natural
habitat.

A2 R a4 =N N ‘\“ .
Figure 3.1: Set-up of standardized field test. (A) Enamel-coated bowl! sunk into the
ground and filled with water and soil to simulate a natural pond. (B) Netting-covered
emergence trap on top of a pond to prevent escape of emerged adults.
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Batches of 50 insectary-reared third instar larvae were introduced into each pond.
Sumilarv®0.5G treatment was applied after introduction of larvae. Treatment of the
ponds was allocated randomly using a lottery system. In each treatment round, 10 of the
ponds served as untreated controls; in five of them An. arabiensis were introduced and in
the other five An. gambiae s.s. Two application rates of Sumilarv®0.5G were tested per
mosquito species. The application rate was based on the surface area of the water, which
was 0.14 m? per pond. Sumilarv®0.5G was spread evenly over the entire water surface by
hand. Five ponds were treated with 1 mg ai per m? (equalling 0.018 ppm ai considering
the volume of 8 | of water) while five other ponds were treated with 5 mg ai per m? (or
0.09 ppm ai) per mosquito species. A netting-covered emergence trap was placed on top
of each pond to prevent wild mosquitoes from laying eggs in the sites and to prevent the
escape of any emerging adult mosquitoes (Figure 3.1 B). The residual activity of
Sumilarv®0.5G was evaluated by introducing new batches of 50 insectary-reared third
instar larvae into each pond at weekly intervals. After one week all the larvae had either
emerged as adults or died. The efficacy of Sumilarv®0.5G was evaluated for six weeks.

This experiment was implemented three times (referred to as rounds in the analyses).

To assess larval mortality, the number of larvae present in each habitat was counted daily.
First, the emergence trap over each pond was assessed for the presence of any newly
emerged adults and any adults collected with an aspirator and placed into a disposable
cup covered with netting. Any pupae in the ponds were transferred into plastic cups
holding 50 ml of the water from the respective pond. Pupae collections were done in the
morning and evening so that any emergence or emergence inhibition could be recorded

daily in the laboratory.

To monitor environmental parameters that may influence the efficacy of the insecticide,
daily data on turbidity and pH of water in each pond was collected. Ponds were visually
categorized into clear (ground visible) or turbid ponds. The water pH was measured using
a pH meter (Phywe International, Germany).
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3.3.6 Sub-lethal effects

Tests to assess the impact of sub-lethal doses of Sumilarv®0.5G were carried out under
ambient conditions in a netting-screened greenhouse. The number of eggs laid and the
number of eggs hatched (number of offspring produced) per adult mosquito that emerged
from treated ponds were compared to that of the adults that emerged from the untreated
ponds in standardized field tests. All pupae used in these tests were collected from the
ponds in week six of each test round. Pupae collected from ponds treated at the two
Sumilarv®0.5G dosages and untreated ponds were introduced into separate cages (30 x 30
x 30 cm) covered with mosquito netting. Emerged adults (both male and female) were
maintained in the same cages with 6% glucose solution ad libitum. When the adults were
two to four days old they were blood fed twice on a human arm on two successive days.
To carry out tests a single gravid mosquito was introduced into a cage (15 x 15 x 15 cm)
with an oviposition cup (diameter = 7 cm) containing 100 ml of non-chlorinated tap
water. The number of eggs laid by each mosquito overnight and the number of eggs
hatched over one week were counted. Sub-lethal effects of the treatment dosage of 1mg ai
per m? were tested with 20 individual females per round of semi-field test for An.
arabiensis and An. gambiae s.s., respectively (total 3 x 20 = 60 females per species).
There were 20 replicates of mosquitoes collected from untreated (control) ponds. Due to
the persistent high immature mortality of the 5 mg ai per m? treatment only 10 females

per species and round could be tested (total 3 x 10 = 30 females per species).

3.3.7 Statistical analyses

Data analyses were done with SPSS statistical software version 19. All data from the
replicates of the dose-response tests were pooled by doses for each mosquito species for
the estimation of the Elsg, Elgo and Elgg values using the log dosage-probit regression
analysis with the test dosages as covariates and species as factors in the model. Relative
median potency estimates were used to compare the susceptibility of the two species.
Generalized estimating equations (GEE) were used to estimate the overall emergence
inhibition of the two Sumilarv®0.5G dosages for the six weeks treatment period in
standardized field tests. The number of successful emerged adults was the dependent
variable and was fitted to a negative binomial distribution with a log-link function and an
exchangeable correlation matrix. The treatments, test rounds, mosquito species, water

turbidity (clear, turbid), water pH (grouped in two categories: pH < 8, pH >8) and the
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occurrence of rain during the test week (no rain, rain) were added to the model as fixed
factors. Since the same pond was evaluated repeatedly for larval mortality over the six-
week period, the unique pond ID was included as the repeated measures variable.
Interaction terms were included in the model between treatments and turbidity, treatments
and pH, and treatments and rain. GEE models were also used to estimate the impact of
sub-lethal concentrations on the number of eggs laid and the number of eggs that hatched
from emerged An. gambiae s.s. adults. The parameter estimates of the GEE models were
used to calculate the weekly mean adult emergence, mean number of eggs laid per female
and mean number of laid eggs that hatched into larvae and the associated 95% confidence
intervals (CIs) by removing the intercept from the models. For the calculation of percent
reduction the weekly emergence inhibition in the treated ponds was corrected using
Abbott’s formula based on emergence in the untreated ponds as denominator (Abbott
1987). Percent reduction was therefore calculated as follows:

% treatment EI = [% untreated El - % treated El] x 100%

% untreated EI

3.4 Results

3.4.1 Dose-response tests

The dose-response tests showed that Sumilarv®0.5G affected adult mosquito emergence
in An. arabiensis and An. gambiae s.s. at very low and over a very wide range of
concentrations (0.000001-0.005 ppm ai). Data from the three rounds of dose-response
tests showed similar trends in emergence inhibition for each species, and were therefore
pooled per dose (Figure 3.2) to estimate emergence inhibition (EI) rates; El 5o, Elgo and
Elgg (Table 3.1).
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Figure 3.2: Average percent emergence inhibition (error bars: 95% confidence
intervals) of An. arabiensis and An. gambiae s.s. in response to increasing

concentrations (ppm ai) of Sumilarv®0.5G.

The minimum dosage that completely inhibited adult emergence was estimated to be
between 0.01-0.03 ppm ai (Table 3.1). Anopheles arabiensis and An. gambiae s.s. were
equally susceptible to Sumilarv®0.5G.

Table 3.1: Estimated doses (ppm ai) of Sumilarv®0.5G for 50%, 90% and 99%

emergence inhibition (EI) in Anopheles gambiae s.s. and Anopheles arabiensis

An. arabiensis An. gambiae s.s.

ppm ai ppm ai
IE50 (95%Cl) 0.00012 (0.00009-0.00016) 0.00013 (0.00010-0.00017)
IE90 (95%Cl) 0.00248 (0.00154-0.00450) 0.00139 (0.00092-0.00232)
IE99 (95%CI) 0.02860 (0.01379-0.07296) 0.00973 (0.00526-0.02159)

3.4.2 Standardized field tests

There was no difference in adult emergence from treated ponds between An. arabiensis
and An. gambiae s.s. (p=0.3) and data for both species were pooled for analysis. The
weekly adult emergence per round from the treated and untreated ponds is shown in

Figure 3.3 and emergence inhibition calculated in Table 3.2. Complete emergence
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inhibition was observed for two weeks in rounds one and three of the high treatment dose

of 5 mg ai per m? (0.09 ppm ai). However at the lower dosage of 1 mg ai per m? (0.018

ppm ai) which corresponded with the minimum effective dosage established in the dose-

response tests complete emergence inhibition was only observed in week one in round

one and three. Ponds treated at 5 mg ai per m? provided better residual impact than the

lower treatment dosage of 1 mg ai per m? (Figure 3.3 and Table 3.2).
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Figure 3.3: Mean adult emergence (error bars:

95% confidence intervals) of

Anopheles gambiae s.l. in standardized field tests after application of 1 mg or 5 mg ai

per m’ Sumilarv®0.5G in artificial ponds.

Table 3.2: Weekly percent emergence inhibition (95% CI) of An. gambiae s.l. from

treated ponds
Week 1 Week 2 Week 3 Week 4 Week S Week 6

1 mg ai per m’

Round 1 100 98 (94-99) 65 (55-72) 95(90-98) 93(85-97) 66 (59-71)
Round 2 88 (83-92) 86 (76-90) 83 (76-88) 78 (69-85) 79 (73-84) 72 (62-80)
Round 3 100 92 (80-97) 94 (86-98) 71 (62-78) 62 (54-69) 57 (47-64)
5 mg ai per m’

Round 1 100 100 94 (80-98) 98 (96-99) 91 (82-95) 84 (73-90)
Round 2 99 (95-100) 95 (81-99) 97 (96-98) 96 (90-99) 97 (94-99) 95 (90-98)
Round 3 100 100 98 (95-99) 85(79-89) 74 (69-78) 90 (83-94)
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Adjusting for other factors the GEE model estimated that Sumilarv®0.5G inhibited 85%
of adult emergence over a period of six weeks at an application dose of 1 mg ai per m?
and 97% at a dose of 5 mg ai per m? compared to emergence from untreated ponds (Table
3.3).

Table 3.3: Multivariable analyses (GEE) of factors affecting the emergence of adult

malaria vectors over a six week period from ponds treated with Sumilarv®0.5G

Explanatory variable Odds ratio (OR) 95% CI1 p value
Treatment

5 mg ai per m? 0.03 0.02-0.04 <0.0001
1 mg ai per m? 0.15 0.12-0.18 <0.0001
Control 1

Round

round 3 1.19 1.00-1.41 0.050
round 2 1.03 0.78-1.34 0.859
round 1 1

Vector species

An. arabiensis 0.95 0.86-1.05 0.278
An. gambiae s.s. 1

Water turbidity

turbid 1.01 0.95-1.07 0.765
Clear 1

Water pH

>8 0.99 0.91-1.08 0.820
<8 1

Rain during test week

Rain 1.05 0.92-1.20 0.449
no rain 1

Interaction between treatment and turbidity

5 mg ai per m**turbid 1.93 1.12-3.26 0.017
5 mg ai per m®*clear 1

1 mg ai per m**turbid 1.4 1.08-1.79 0.011
1 mg ai per m**clear 1

Interaction between treatment and pH

5 mg ai per m**pH=8 1.9 1.13-2.85 0.002
5 mg ai per m**pH<8 1

1 mg ai per m**pH>8 1.25 1.06-1.47 0.008
1 mg ai per m**pH<8 1

Interaction between treatment and rain

5 mg ai per m**rain 1.23 0.89-1.69 0.211
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5 mg ai per m**no rain 1
1 mg ai per m®*rain 0.87 0.70-1.07 0.87
1 mg ai per m>*no rain 1

The overall impact of 5 mg ai per m?on inhibiting emergence was significantly higher
than the impact of 1 mg ai per % (p<0.001). Despite consistent rainfall during the first
round of the standardized field tests and occasional rainfall during the following two
rounds (Figure 3.4), rain did neither affect the emergence of adults from control and
treatment ponds nor the impact of the treatments (Table 3.3). There were also no main
effects of water turbidity or pH on adult emergence but interactions were identified
between the treatments and water turbidity, and the treatments and water pH. Turbid
water and high pH reduced the impact of the treatments leading to slightly higher adult
emergence from treatment ponds under these conditions (Table 3.3). The impact of the
interactions can be calculated by multiplication of the odds ratios (Katz 2006). This
means for example emergence inhibition was 85% at 1 mg ai per m?when ponds were
clear and had a pH <8, emergence inhibition was reduced to 79% when the same
treatment pond was turbid with a pH <8 and to 74% when the same treatment pond was
turbid and had a pH >8. Similarly for the 5 mg ai per m? ponds in round one, overall
emergence inhibition is 97% when treatment ponds are clear with pH <8, emergence
inhibition is reduced to 95% when the treatment ponds are turbid with pH <8 and further
reduced to 90% when the treatment ponds are turbid and with pH >8.
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Figure 3.4: Weekly rainfall during the three rounds of standardized field tests.
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3.4.3 Sub-lethal effects

The impact of sub-lethal effects could not be evaluated for An. arabiensis that emerged
from pupae since neither females from untreated ponds nor females from treated ponds
laid eggs, possibly due to unsuitable mating conditions provided for this species
(Marchand 1985). Exposure of An. gambiae s.s. to both Sumilarv®0.5G dosages during
the larval stage resulted in: (i) a reduced probability of the adult female laying eggs; (ii)
reduced mean number of eggs laid per female; and, (iii) reduced mean number of eggs
that hatched into larvae (Table 3.4). Treatment rounds were not significantly different
(p=0.687), and data for all rounds for An. gambiae s.s. were pooled for analysis.
Mosquitoes that emerged from treated ponds were 65-68% less likely to lay eggs
compared to mosquitoes that emerged from untreated ponds. The mean number of eggs
laid per female An. gambiae s.s. was reduced by 47% from females emerging from ponds
treated at 1 mg ai per m?and by 74% from females emerged from ponds treated at 5 mg ai
per m? compared to that in the untreated controls (Table 3.4). The impact of the higher
dosage was twice the impact measured from the lower dosage (odds ratio (OR) 2.1, 95%
ClI 1.2-3.7, p=0.02). Furthermore, it was 90% less likely for an egg to hatch that was laid
by a female exposed to the higher Sumilarv®0.5G dosage compared to eggs laid by
females that emerged from low dosage ponds (OR=0.10, 95% CI 0.04-0.23, p<0.0001).
The probability of an egg hatching was reduced by 77% for eggs laid by a female exposed
to the lower treatment dosage and 98% for eggs laid by a female exposed to the higher

dosage as compared to eggs in females that emerged from the untreated control ponds.

Table 3.4: Sub-lethal effects of Sumilarv® 0.5G on egg laying and hatching of An.

gambiae s.s.
control 1 mg ai per m* 5 mg ai per m
Number of females exposed 60 60 30
Number of females that laid eggs 43 27 14

Mean eggs laid/female (95% CI) 43.8 (35.6-53.8) 23.1(16.5-32.3) 11.2(6.9-18.2)
Mean eggs hatched/female(95% CI) 37.4 (30.5-45.8) 8.7 (6.0-12.4) 0.8 (0.4-1.8)
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3.5 Discussion

Anopheles arabiensis and An. gambiae s.s. were equally and highly susceptible to
Sumilarv®0.5G under laboratory and standardized field conditions. Sumilarv®0.5G
inhibited over 80% of the total adult emergence over a period of six weeks at both
application dosages. However, weekly emergence rates increased steadily over the six-
week test period at the lower dosage that corresponded with the Elgg in the laboratory and
weekly emergence inhibition was frequently lower than the 80% that is recommended by
WHOPES for successful immature control (WHO 2005a). Laboratory tests were
conducted under standardised conditions without major abiotic and biotic influences and
therefore El values represent only minimum dosages. Application rates frequently have to
be increased up to several times the minimum dose to obtain sufficient immature control
under field conditions (Becker and Rettich 1994; WHO 2005a). The higher dosage of 5
mg ai per m?or 0.09ppm ai inhibited well over 80% of adult emergence in all but one test
week. This dosage was 4.5 times the average Elgg in the laboratory. Further field tests to
establish the optimum dose for operational control in a variety of different habitats are
necessary but based on the results presented here it is likely that the optimum dosage lies
between the two tested here and therefore coincides with the maximum dosage
recommended by the manufacturer (0.05 ppm ai) for operational control of other

mOosquito Species.

The estimated emergence inhibition rates from the dose-response tests were four times
higher than those previously reported by Kawada et al., (1993) for An. gambiae, but
within the range of rates estimated for Culex and Aedes species (Hatakoshi et al. 1987,
Ali et al. 1999; El-Shazly and Refaie 2002; Andrighetti et al. 2008; Al-Sarar et al. 2011).
These differences may arise from the different PPF formulations used in separate studies
(Kawada et al. 1988), but also from the material of the test containers (Vythilingam et al.
2005). Kawada et al. (1993) used a 5% emulsifiable concentrate formulation while in the
present study a granular formulation was used and had to be crushed in a mortar for the
laboratory tests, which might have not led to an equal amount of active ingredients being
released into the stock solution. Also, in the present study plastic cups were used for
bioassays while Kawada et al. (1993) used aluminium cups. There is a concern that the
active ingredient PPF adheres to plastic (Caputo et al. 2012) leading to a longer residual

effect from such treated containers due to a continuous slow release from the plastic
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(Schaefer et al. 1991). In the short term however, plastic might reduce the amount of
active ingredient in the water, which could be responsible for the higher estimates of El
concentrations found in this study. The extremely low concentrations of active ingredient
needed for the control of mosquitoes with Sumilarv®0.5G is worth noting. The estimated
effective dose of PPF is approximately 10 times lower than those reported for microbial
larvicides (Fillinger et al. 2003; Majambere et al. 2007). This is not surprising since PPF
is a juvenile hormone analogue, and insect hormones, like all hormones, operate at
extremely low concentrations as chemical messengers(Ali et al. 1995; Al-Sarar et al.
2011). Thus, far smaller quantities of Sumilarv®0.5G would be required for larviciding
programmes compared to microbial larvicides, thereby helping to lower costs associated

with transporting and storing larvicides (Worrall and Fillinger 2011).

The residual impact of Sumilarv®0.5G on An. gambiae s.l. emergence observed here
corresponds well with reports from previous studies on other mosquito species (Nayar et
al. 2002; Vythilingam et al. 2005; Andrighetti et al. 2008) but application dosages
required to achieve the same effect seem slightly higher for An. gambiae s.l.
Sumilarv®0.5G at 0.02 ppm ai and 0.05 ppm ai provided almost complete emergence
inhibition of Ae. aegypti, Ae. albopictus and Ae. taeniorhynchus, Culex nigripalpus and
An. quadrimaculatus for six weeks under standardized field conditions (Nayar et al.
2002). This slow-release formulation has even been shown to exhibit prolonged residual
activity for control of Aedes larvae even when the treatments were diluted by using
replacement of treated water with untreated water in the treated containers (Itoh 1993;
Vythilingam et al. 2005). Similarly, here we observed that rainfall did not negatively
affect the impact of the treatments. Exceptional performance of Sumilarv®0.5G was
reported for the control of An. culicifacies in confined gem pits in Sri Lanka
(‘Yapabandara and Curtis 2002) where a single application of PPF at 0.01 ppm ai was
sufficient to inhibit adult emergence for approximately six months. Similarly, Sihuincha
et al. (2005) reported complete emergence inhibition of Ae. aegypti for five months from
water tanks in Peru at an application rate of Sumilarv®0.5G of 0.05 ppm ai. Overall it can
be concluded from previous work that the efficacy and residual activity of different PPF-
containing products depends on the formulation, dose, habitat types treated, prevailing
weather conditions and target mosquito species (Schaefer et al. 1988; Nayar et al. 2002;
Andrighetti et al. 2008).
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The current study showed that the efficacy of Sumilarv®0.5G is reduced in turbid water
and water with a pH >8. Water is turbid because it carries a suspension of fine particles of
both organic and inorganic matter in the water column. Some of the turbidity observed
here might have been due to algae and bacteria growth in the established habitats, which
in turn might have increased the water pH. It is possible that the active ingredient, PPF, is
adsorbed onto particles in the water column and was less accessible to larvae. Turbidity
and pH of aquatic habitats are important parameters that are associated with the
abundance, development and survival of Anopheles larvae (Ye-Ebiyo et al. 2003).
Anopheles larvae are known to exploit aquatic habitats with varying degrees of water
turbidity and pH (Gimnig et al. 2001; Ye-Ebiyo et al. 2003). Suspended particles
including algae in the water column in turbid ponds provide mosquitoes with food that
enhances their development and survival thus increase emergence from turbid ponds
(Gimnig et al. 2002; Kaufman et al. 2006). Mulligan and Schaefer (1990) found PPF to
adsorb onto organic matter which might have been responsible for larvae to be exposed to
reduced doses. This needs to be considered and monitored in field operations where it
might be necessary to increase the application dose or reduce retreatment intervals to
ensure a consistent emergence inhibition above 80% as recommended by WHOPES
(WHO 2005a).

An added benefit to the direct effect of Sumilarv®0.5G on immature stages were the sub-
lethal effects that affected the offspring of adult females that successfully emerged from
treated ponds. At 5 mg ai per m? the reproduction of females was reduced by well over
90%. Similar effects of insect growth regulators have been shown for Aedes and Culex
(Loh and Yap 1989; Mohsen and Zayia 1995; Kamal and Khater 2010). The laying of
non-viable eggs by female An. gambiae s.s. emerging from treated ponds might further
extend the efficacy and residual effect of PPF, and may help further reduce intervention
costs by extending the retreatment intervals. It would be particularly helpful in the context
of an auto-dissemination strategy (Gaugler et al. 2012) of Sumilarv®0.5G where
potentially only sub-lethal doses are transferred to a habitat by female gravid mosquitoes.
The delayed sub-lethal effects of insect growth regulators were also shown to affect the
sex ratio and to reduce blood feeding rates in exposed mosquitoes (Loh and Yap 1989;
Vasuki 1992). Similar effects were shown for adults exposed to PPF (Itoh et al. 1994;
Sihuincha et al. 2005; Ohashi et al. 2012). Ohashi et al. (2012) demonstrated that An.

gambiae s.s. was completely sterilized, with no female laying eggs after exposure to PPF-
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treated nets. Insect growth regulators have been shown to suppress ovarian development
and egg development in mosquitoes (Judson and de Lumen 1976; Fournet et al. 1993).
Judson and de Lumen (1976) showed that exposure of Ae. aegypti females to juvenile
hormone analogues suppressed egg development by inhibiting development of ovarian
follicles. Fournet et al. (1993) similarly showed that the ovarian development of Ae.
aegypti females that emerged from larvae exposed to insect growth regulators was
affected.

As with every insecticide it is important to be cautious about using PPF formulations as a
stand-alone intervention since tolerance to PPF has been found in dipterans (Crowder et
al. 2008; Karatolos et al. 2012). It is also of concern to know whether the progeny of
gravid females that are exposed to sub-lethal level doses of PPF and survive have greater

tolerance to PPF than other mosquitoes. If this is the case, resistance may spread.

PPF exhibits favourable characteristics for utilization as a larvicide for mosquito control.
The recommended application rate in drinking water limit of 300 ppb (0.3 ppm) (WHO
2008a) is several folds higher than the recommended dose of 0.01-0.05 ppm for mosquito
control and also has minimal environmental impacts at recommended rates for
mosquitoes (Mulla et al. 1986; Schaefer et al. 1988).

3.6 Conclusion

Anopheles arabiensis and An. gambiae s.s. are highly susceptible to Sumilarv®0.5G at
very low dosages. The persistence of Sumilarv®0.5G in treated habitats under
standardized field conditions and its sub-lethal impact, reducing the number of viable
eggs from adults emerging from treated ponds, enhances its potential as a malaria vector
control tool in integrated vector management strategies. These unique properties of
Sumilarv®0.5G warrant further field testing in a range of natural An. gambiae s.I. larval
habitats and under operational conditions to recommend if and how this insect growth
regulator could be included in vector control programmes for malaria control in sub-

Saharan Africa.

Based on the results of this study the maximum dosage recommended by the

manufacturer for other mosquito species of 0.05 ppm ai is recommended as the minimum
77



dosage for further field testing for An. gambiae s.I. control. Although the residual effect
observed for the test concentrations lasted for a six-week period, initially a shorter
retreatment interval should be evaluated under natural conditions where habitat types and
water quality are highly heterogeneous and might affect the residual activity.
Furthermore, the estimation of retreatment intervals should also consider the probability
of new habitats emerging during treatment cycles that could then harbour mosquito larvae
that might successfully emerge before the target area receives another round of
Sumilarv®0.5G application. Initial application cycles should be determined for the
predominant habitat type in the target area, the season of application and the development
time of immature vectors. In areas where temporary habitats dominate or areas with high
rainfall an initial application cycle of two to three weeks should be tested whilst in areas
of more semi-permanent to permanent habitats or during dry seasons a three to four-
weekly application cycle might be appropriate for an initial field operation informed by a

monitoring and evaluation programme.
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release pyriproxyfen granules (Sumilarv®0.5G) for
the control of immature stages of malaria vectors in
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4.1 Abstract

Background: A major constraint of larviciding programmes for malaria control in sub-
Saharan Africa is the high cost of frequent application. The objective of this study was to
evaluate the efficacy of a persistent insect growth regulator (Sumilarv®0.5G; active
ingredient pyriproxyfen) for the control of immature stages of malaria vectors under
operational field conditions in the western Kenya highlands.

Methods: Six study sites were randomly assigned to non-intervention and intervention
arms and Sumilarv®0.5G applied 1 g per m® water surface area for one year to all aquatic
habitats in the intervention arm at three-weekly intervals. All habitats were surveyed
weekly for the presence of mosquito immature stages. Ten sentinel habitats randomly
selected in each study site were surveyed weekly for mosquito immature abundance and
co-habiting organisms and environmental characteristics. The impact of Sumilarv®0.5G
on adult productivity was directly assessed through collection of late instar Anopheles
larvae and pupae from habitats and water collections seeded with insectary-reared larvae.
The persistence of Sumilarv®0.5G in treated aquatic habitats that temporarily fell dry
was investigated. Adult malaria vector productivity of untreated aquatic habitats created

between successive Sumilarv®0.5G application rounds was assessed.

Results: Sumilarv®0.5G was highly effective in the control of mosquito larvae and
pupae when applied in these highland sites in three-weekly intervals. The chance of
finding an aquatic habitat colonized by Anopheles larvae was reduced 5-7 fold in
intervention sites compared with non-intervention sites in both low and high transmission
seasons. Similarly, the abundance of late instar Anopheles was reduced 10 fold in
intervention sites during the high transmission season. Less than 20% of pupae collected
from intervention sites developed into adult vectors during both the low and high
transmission seasons. Over 80% emergence inhibition of Anopheles larvae collected from
habitats that temporarily fell dry for 56 days was recorded. Collection of Sumilarv®0.5G-
treated water samples from aquatic habitats for exposure of insectary-reared larvae in the
laboratory was less effective in estimating treatment effect than the collection of late

instar larvae and pupae. The three-week re-application of Sumilarv®0.5G was short
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enough to prevent the successful completion of larval development into adults in new

aquatic habitats created in-between Sumilarv®0.5G application round.

Conclusion: Sumilarv®.5G demonstrates effective control of mosquito immatures for
inclusion into integrated malaria control strategies. Use of water samples collected from
treated aquatic habitats underestimates the impact of Sumilarv®0.5G and is not

recommended as a monitoring tool.

4.2 Background

The recent declines in malaria transmission in sub-Saharan Africa is largely attributed to
the improved access to rapid diagnosis and prompt treatment of clinical cases supported
by the scaling up of vector control interventions namely long-lasting insecticidal nets
(LLINSs) and indoor residual spraying (WHO 2014c). The residual malaria transmission
maintained by exophagic and exophilic vectors less exposed to these indoor interventions
continues to raise concern over the overdependence on these indoor vector control tools
(Killeen 2014)

Today, malaria control programmes are encouraged to adopt integrated vector
management measures that emphasize utilization of multiple tools in appropriate settings
with an aim of increasing efficiency and cost-effectiveness (WHO 2004). Larval source
management (LSM) that aims to minimize adult mosquito propagation by managing
aquatic habitats to minimize adult vector production can be effective for malaria
transmission under certain eco-epidemiological settings (Utzinger et al. 2001; Keiser et
al. 2005b; Fillinger et al. 2009a; Tusting et al. 2013; WHO 2013b). Larviciding for
malaria vector control in sub-Saharan Africa is recommended as a supplementary method
to frontline vector control measures in areas where aquatic habitats are few, fixed and
findable (WHO 2013b). Such conditions exist in the western Kenya highlands where
aquatic habitats are well defined and accessible as most habitats are concentrated on the
valley bottom (Minakawa et al. 2005; Omukunda et al. 2012). Thus malaria
epidemiology in the western Kenya highlands is stratified and focal with greater
prevalence of the disease in populations residing at the valley bottoms while populations
living uphill are less likely to be infected (Githeko et al. 2006; Atieli et al. 2011; Afrane
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et al. 2014). A recent trial in these highlands found that weekly larviciding with
microbials provided additional protection against Plasmodium infections than that
achieved by using insecticide-treated nets alone (Fillinger et al. 2009a). However
although the cost of larviciding with microbials is similar to that for indoor residual
spraying (Worrall and Fillinger 2011), reducing the frequency of application would
increase the cost-effectiveness of larviciding programmes (Yapabandara and Curtis 2002;
Fillinger and Lindsay 2011). Field studies in different eco-epidemiological settings have
shown pyriproxyfen (PPF) , an insect growth regulator, to be highly effective in the
control of mosquitoes providing up to 6 months residual activity (Kamimura and
Arakawa 1991; Chavasse et al. 1995a; Yapabandara and Curtis 2002; Sihuincha et al.
2005). Surprisingly, PPF has not been rigorously evaluated in the field for the control of

Afrotropical malaria vectors.

Our recent trials carried out under controlled field condition showed that Sumilarv®0.5G,
a granular formulation of PPF, could control the major Afrotropical malaria vectors for up
to six weeks (Mbare et al. 2013). However, a potential challenge in the use of persistent
larvicides is the potential of adult vector production from untreated habitats newly created
before the next larvicide application round, especially during periods of rain. In addition
monitoring the impact of PPF is challenging since the insecticide does not produce acute
toxic effect on mosquito larvae but has delayed effects in preventing adult emergence
from exposed pupae (Invest and Lucas 2008). Thus the impact of PPF has been variably
evaluated by assessing adult emergence of field collected mosquito larvae and pupae
(Suzuki et al. 1989; Kamimura and Arakawa 1991), larvae exposed to water samples
collected from the field (YYapabandara and Curtis 2002) or insectary-reared larvae
exposed directly in treated aquatic habitats in the field (Mulla et al. 1974; Yapabandara et
al. 2001).

This study aimed to evaluate whether a three-weekly application of Sumilarv®0.5G
(granular PPF formulation) to aquatic habitats in western Kenya highlands was effective
in inhibiting emergence of adult malaria vectors. The specific objectives of the study were
to determine: (1) adult mosquito emergence inhibition of larvae in treated aquatic
habitats; (2) best monitoring tool to assess impact of PPF; (3) effect of PPF on non-target

aquatic organisms; (4) persistence of PPF in treated habitats during dry periods; and (5)
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risk of adult vector production from untreated habitats created between successive
Sumilarv®0.5G application rounds.

4.3 Methods

4.3.1 Study area

This study was conducted in the western Kenya highlands along the Luanda-Siaya,
Luanda-Majengo and Luanda-Busia roads in Vihiga County. Six study sites were selected
for this study: Ebulako, Mudabala, Muluhoro, lvona, Mugogo and Inavi (Figure 4.1,
Table 4.1).

Figure 4.1: Location of the six study sites: Ebulako, Mudabala, Muluhoro, Ivona.
Mugogo and Inavi. Inset Kenya.

Each study site was 12-22 hectares (ha) in area and they were at least 1 km apart. The
study sites were all valleys characterized by undulating topography with steep and gently
sloping hills. The valleys were relatively defined, surrounded on all sides by increased

elevation to minimize risk of vectors invading from outside areas. Most aquatic habitats

84



were on the valley bottom. Site characteristics including coordinates and altitude are
given in Table 4.1.

Table 4.1: Characteristics of the study sites

Site Treatment arm Longitude Latitude Altitude Area No. of
(meters (ha) aquatic
above sea habitats
level) (habitats

per ha)

Ebulako  non-intervention 36.67880  0.5790 1527-1567 12 ha 142 (12/ha)
Muluhoro non-intervention 36.67563  0.4260 1448-1490 19ha 205 (11/ha)

Inavi non-intervention 36.68597  0.1177 1615-1666 12 ha 141 (12/ha)
Mudabala Intervention 36.67477  0.4449 1484-1520 22 ha 193 (9/ha)
Ivona Intervention 36.68677  0.4371 1533-1567 20 ha 196 (10/ha)
Mugogo Intervention 36.68652  0.3029 1560-1601 13 ha 93 (7/ha)

The area is characterized by tropical climate with a mean annual daily temperature of
20.8° C and average annual rainfall of approximately 2000 mm and two rainy seasons; the
long rains between March and June and the short rainy season between October and
November (Munyekenye et al. 2005; Ndenga et al. 2006; Afrane et al. 2008). The area
experiences seasonal malaria transmission with a peak in transmission during and
immediately after the long rains when habitats fill with water as other habitats are created
by humans for use in agriculture. The peak in malaria transmission occurs between March
and June while the remainder of the year is considered a low transmission season
(Fillinger et al. 2009a). The area is densely populated with subsistence farming of crops
such as maize, napier grass, cassavas and bananas being the major economic activity. The
dominant vectors of malaria in the study area are Anopheles gambiae sensu stricto, An.
arabiensis and An. funestus (Ndenga et al. 2006; Zhou et al. 2011; Omukunda et al.
2013).

4.3.2 Mapping and surveying of larval habitats

Weekly visits were made between June 2011 and December 2013 to each study site to
survey aquatic habitats within the site boundaries which were given unique identification
numbers (Figure 4.2) and their locations recorded using a Global Positioning System
(GPS) unit (Garmin Ltd. 2003, Olathe, Kansas, USA).
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Figure 4.2: Example of an identification number of aquatic habitat (112)

A local field assistant familiar with each study site was involved in the identification of
aquatic habitats within the study sites. During the weekly visits any new habitat not
previously mapped was included in the list of habitats and assigned identification number

following the last number given during the previous visit.

Figure 4.3 shows typical aquatic habitats encountered in the study sites which are
described as follows: (1) natural swamps are water-saturated sites covered with
vegetation and not used for agriculture, (2) cultivated swamps are water-saturated sites on
which crops were grown, (3) river fringes are protected slow flowing or still water on the
edges of a river, (4) puddle are transient collections of water that mostly occurred after
the rains, (5) drains are interconnected channels of water which are often constructed for
agricultural purposes and (7) burrow pits are large holes where the soil has been removed

for brick making or creation of fish ponds.

Habitats found without water during the weekly visits were recorded as dry. The length of
habitats with water was estimated and categorized as <10 m, 10-100 m or >100 m. The
depth of habitat was measured using a metre rule and categorized as below or above 0.5
m. The type of vegetation found in a habitat was recorded as floating, submerged or
emergent while the proportion of aquatic habitat surface area covered by vegetation,
biofilm and filamentous algae was visually estimated and recorded. The flow of water in
an aquatic habitat was recorded as stagnant, slow or fast. A rain gauge (Comptus Beta)

was used to measure daily rainfall in each site.
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Figure 4.3: Habitats found in the study sites. A-natural swamp, B-cultivated swamp,
C-river fringe, D-puddle, E-drain, F-burrow pit

4.3.2.1 Mosquito positivity rate of all aquatic habitats per site

This activity was carried out weekly in all aquatic habitats in the study sites. A standard
350 ml capacity mosquito dipper (Clarke Corporation, Illinois, USA) (Figure 4.4 A) was
used to sample habitats with water for the presence or absence of mosquito larvae and
pupae (Service 1971). Habitats that were less than 1 m in their longest length had the
entire water surface sampled. Habitats whose lengths exceeded 1 m had at least 10 dips
taken from where it is most likely to find mosquito larvae (e.g along edges of habitats
with tufts of grass and low vegetation) (Fillinger et al. 2004). At least one dip was taken
for each metre length of water surface. A habitat was considered positive for a given
mosquito species it had at least one of the species sampled in any of the dips taken.
Larvae sampled in a dipper were first classified as Anopheles and culicines based on

crude morphological criteria (Rozendaal 1997). Anopheles and culicines were further
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classified as early (first and second) and late (third and fourth) instars based on size.
Pupae were not identified to genus level due to the difficulty to distinguish them under
field conditions (Fillinger et al. 2004; Fillinger et al. 2008). All organisms were returned

to the water.

4.3.2.2 Mosquito immature abundance in sentinel aquatic habitats

This activity was carried out in 10 sentinel aquatic habitats randomly selected using a
computer generated random number list in each of the six study sites. The 10 sentinel
habitats in each study site were selected at the start of the study from 23 aquatic habitats
in Ebulako, 144 aquatic habitats in Mudabala, 80 aquatic habitats in Muluhoro, 141
aquatic habitats in lvona, 103 aquatic habitats in Mugogo and 115 aquatic habitats in
Inavi. A sentinel habitat was substituted with another aquatic habitat nearby when it fell
dry. The substitution was done 10 times in Ebulako, 23 times in Mudabala, 8 times in
Muluhoro, 14 times in Ivona and 7 times in Mugogo. Sentinel habitats in Inavi were not
substituted as they remained wet throughout the study period. During the weekly visits
the sentinel habitats were surveyed to measure for larval abundance per surface area.
Sweep nets were used for sampling due to their greater efficiency in collecting mosquito
larvae and pupae as compared to dipping (Robert et al. 2002). The sweep net was made of
cotton material mounted on a circular metallic frame (length=0.4 m, width=0.2 m, height
=0.3 m) and attached to a handle made of a metal rod (length=1.5 m) (Figure 4.4 B).
Aguatic habitats that were less than 20 m long (irrespective of their width) had their entire
water surface area sampled with a sweep net while habitats that were > 20 m long were
sampled for a maximum length of 20 m of the water surface area. Approximately 1 m?of
water surface area was swept with one sweep. Large habitats had only the edges sampled
within 1 meter from the edge as mosquito larvae and pupae often aggregate in such areas
(Fillinger et al. 2004; Fillinger and Lindsay 2006). The net was gently drawn through the
water until it became filled with water. The water and all its contents was then emptied
into a large white basin to ensure visibility of large organisms during counting. The
number of mosquito larvae and pupae and other aquatic organisms collected such as
insects of the orders odonata, coleoptera and hemipteran were recorded. Late instar
Anopheles larvae and pupae sampled in a habitat were transferred into separate 200 ml
glass jars half filled with water from the respective habitat. The jars were labelled with
habitat identification number and the number of immature mosquitoes in the jar. The top

of the jar was loosely tightened with the lid and transported in a cool box to the
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insectaries at Kenya Medical Research Institute (KEMRI) at Kisian, Kisumu County (-
0°4'40"N 34°40'38"E). After counting the other organisms were returned to the habitats.
To avoid contamination jars containing larvae and pupae from non-intervention and

intervention study sites were transported in separate boxes.

Figure 4.4: Tools to sample mosquito larvae and pupae. (A) Mosquito dipper and (B)

sweep net

4.3.3 Insecticide

Sumilarv®0.5G was provided by the manufacturer, Sumitomo Chemical, Japan. It is a
granular formulation containing 0.5% active ingredient (ai) (weight: weight). The active
ingredient in Sumilarv®0.5G is pyriproxyfen (PPF).

4.3.4 Random allocation of study sites into non-intervention and intervention study

sites

Before the intervention period started in December 2011 the study sites were randomly
assigned to non-intervention and intervention arms of the study by lottery. The sites
assigned to the non-intervention arm were Ebulako, Muluhoro and Inavi while Mudabala,

Ivona and Mugogo were assigned to the intervention arm of the study (Table 4.1).

4.3.5 Application of insecticide

Sumilarv®0.5G was applied by hand broadcasting to all aquatic habitats within the

boundaries of the three sites assigned to the intervention arm of the study from December
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2011 until December 2012 (intervention year) (Figure 4.5). Based on the findings from
standardized field tests (Mbare et al. 2013) Sumilarv®0.5G was applied to the habitats at
1 g per m? assuming a 10 cm depth of water every three weeks. Thus application of the
insecticide was based on the surface area of water in a habitat. Sumilarv®0.5G was
applied under fully operational conditions. This means water depths and the size of the
habitats were not measured prior to application. The personnel applying Sumilarv®0.5G
received training prior to field application to ensure that the correct quantity was applied.
For training purposes a 5 m x 2 m plastic sheet was divided into ten parts, each with a
surface area of 1 m?. One gram of Sumilarv®0.5G was weighed and every person given
the opportunity to equally spread it over a 1 m? area. The spread material was then
collected for weighing. This was repeated until all personnel were able to estimate

accurately 1 g of Sumilarv®0.5G granules for application on 1m? surface area.

Figure 4.5: Application of Sumilarv®0.5G into aquatic habitats in intervention arm

by hand broadcasting

4.3.6 Investigating the vector productivity of aquatic habitats in the intervention
period
During the intervention period aquatic habitats were visited on day 6, 12 and 19 after

Sumilarv®0.5G application into aquatic habitats in the intervention sites. This
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corresponds to 1, 2 and 3 weeks respectively after application of the insecticide to aquatic
habitats in the intervention sites.

Since the impact of PPF cannot be directly assessed by dipping for larval presence or use
of sweep nets to assess for larval and pupal abundance due to its lack of acute toxic
effects (Invest and Lucas 2008), three methods were tested to assess adult emergence of

exposed larvae.

4.3.7 Late immature collections from sentinel aquatic habitats to assess for adult

emergence

Late instar Anopheles larvae and mosquito pupae were sampled weekly from sentinel
aquatic habitats and monitored in an insectary to see if they developed into adults or not.
Larvae were fed daily on fish food (Tetramin©Baby) using a dipstick. In the insectary the
lid of the jars were replaced by mosquito netting to cover the top of jars so as to prevent
escape of any emerged adult (Figure 4.6). To avoid contamination larvae and pupae from
non-intervention and intervention sites were maintained on separate benches. On a daily
basis the number of emerged adults on each jar was counted. If any emerged adult was
found it was aspirated into a 1.5 ml eppendorf tube (greiner bio-one) and left to die.

Figure 4.6: Laboratory evaluation of emergence of larvae and pupae collected from

aquatic habitats in the field

Adult mosquitoes that emerged were morphologically identified to genus level using the
keys developed by Gillies and Coetzee (Gillies and Coetzee 1987). Anopheles gambiae
sensu lato were further identified to species level as An. gambiae s.s. and An. arabiensis

using a ribosomal (Deoxyribonucleic nucleic acid) DNA Polymerase Chain Reaction
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(PCR) method (Scott et al. 1993). The legs of the mosquitoes were used as templates in
the PCR. Positive controls for An. gambiae s.s. and An. arabiensis obtained from the
mosquito colony in the insectary were used in each PCR run. The PCR master mix was
prepared by adding universal forward primer (10pmol/ul) (Eurofins MWG Operon), An.
gambiae s.s. reverse primer 10pmol/ul) (Eurofins MWG Operon), An. arabiensis reverse
primer (10pmol/ul) (Eurofins MWG Operon) to nuclease-free water (Sigma Aldrich) in a
1.5 ml eppendorf tube. Table 4.2 shows the volumes of each substance added to the
eppendorf tube for master mix preparation. The volumes of each substance to be added in

the master mix were calculated by multiplying by the number of samples to be identified.

Table 4.2: Substances used to prepare PCR master mix where n refers to the

number of samples to be identified

Substance nx1 (ul)
Nuclease-free water 23.2
Universal forward primer 0.6
Reverse primer GA (Anopheles gambiae s.s.) 0.6
Reverse primer AR (Anopheles arabiensis) 0.6

The PCR master mix was aliquoted into 200 ul PCR tubes with beads (PuReTaq™
Ready-To-Go™ PCR Beads in a plate, x 96 reactions, GE Healthcare, UK). The legs of
the mosquitoes were put in PCR tubes as template while in the negative control tube
nuclease-free water was added. A single leg was taken from each mosquito and inserted
into individual PCR tubes that were labelled with the mosquito identification number.
The PCR reaction was performed in a thermo cycler (Techne). The thermo cycler

programme is presented in Table 4.3.
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Table 4.3: PCR programme on thermo cycler

Programme Adjusted value
Heated lid 105°C

Pre-heat lid Off

Initial denaturation 94 °C for 5 minutes
No. of cycles 30

Denaturation 94 °C for 30 seconds
Annealing 50 °C for 30 seconds
Extension 72 °C for 30 seconds
Final extension 72 °C for 30 seconds
Hold 10°C

Gel electrophoresis was used to separate the PCR products according to size. The
electrophoresis was run on 1.5% gel to which the chemical ethidium bromide (EtBr)
(Sigma Aldrich) was added to aid in visualizing DNA molecule under ultraviolet (UV)
light. The electrophoresis was run for 45 minutes in Tris Acetate-EDTA (TAE) buffer
solution (Sigma Aldrich). Later the gel was observed and visualized under UV light in a
gel documentation system (Syngene In Genius Bio Imaging). The different DNA
fragments were identified based on their sizes; the DNA fragment of An. arabiensis is

315 base pairs while that of An. gambiae s.s. is 390 base pairs.

4.3.7.1 Water collections from randomly selected aquatic habitats

Weekly collection of water samples were made from 10 randomly selected aquatic
habitats (excluding sentinel habitats) per study site for exposing insectary-reared third
instar larvae to the water in the laboratory and adult emergence observed. In each weekly
visit a computer generated random number list was used to randomly select new batches
of aquatic habitats for collection of water samples. The objective here was to: (1)
compare this method to the immature collection method; and (2) monitor the efficacy of
the intervention in randomly selected habitats ensuring that a large variety of habitats
were surveyed over time and that personnel charged with the responsibility of
Sumilarv®0.5G application could not predict where water samples might be taken. The
sentinel habitats were known to personnel and might have been treated more rigorously
than other habitats. Approximately 150 ml of water was collected from each habitat into
200 ml glass jars and transported to the laboratories at KEMRI. Thus each week 60 water

samples were collected from aquatic habitats. In the laboratory 10 insectary-reared third
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instar An. gambiae s.s. larvae (Kisumu strain) were introduced and monitored daily for
emergence. Larvae were fed on fish food and monitored for emergence/emergence

inhibition as described above.

4.3.7.2 Floating cup method

Comparing results from the immature collection method and water collection method four
months into the intervention year it became apparent that the two methods differed widely
in their efficacy estimate of the intervention. Therefore, a small study was designed to
compare three methods at the same time in the same habitats. Ten aquatic habitats
(excluding sentinel habitats) were randomly selected from a non-intervention site
(Ebulako) and an intervention site (Mudabala). Vector productivity of habitats were
compared by: (1) collection of late instar Anopheles larvae and pupae in their habitat
water to monitor emergence in the laboratory; (2) introduction of insectary-reared late
instar An. gambiae s.s. larvae into water samples collected from the aquatic habitats in the
field; and (3) the use of floating cups for direct exposure of insectary-reared third instar
An. gambiae s.s. to treated water in the aquatic habitats. The floating cups were modified
after Mulla et al. (1974). Briefly, the floating cup was made of a stainless steel cup (500
ml) whose open top and bottom were covered with fine mosquito netting to prevent
predators and other mosquito larvae from entering the cup whilst at the same time
allowing water exchange from the habitat into the cup. The cup was inserted in a
Styrofoam ring to float. To avoid the floating cup from being washed away it was
tethered to vegetation at the edge of the habitat (Figure 4.7). One floating cup was placed
in each of the 10 water bodies in each site. Ten insectary-reared third instar An. gambiae
s.s. larvae were introduced into each of them. Larvae were introduced into the cups in the
aquatic habitats 6, 12 and 19 days after Sumilarv®0.5G application. The cups were
observed daily for any emerged adult. It took approximately 5-6 days for late instar larvae
introduced into the cups to die or successfully emerge as adults. Emerged adults were

aspirated and transferred into a paper cup with a lid where they were left to die.

These tests were carried out on three separate Sumilarv®0.5G application rounds. During
each Sumilarv®0.5G application round a new batch of aquatic habitats to carry out the

tests were selected.
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Figure 4.7: Floating cup for exposure of insectary-reared larvae directly in aquatic

habitats

4.3.7.3 Persistence of Sumilarv®0.5G in habitats over dry periods

This activity was done only in sites assigned to the intervention arm of the study. The aim
here was to assess the persistence of Sumilarv®0.5G in treated habitats that refilled with
water after a dry period. Aquatic habitats located in sites assigned to the intervention arm
were monitored during the weekly visits to determine when they fell dry. When any of the
habitats fell dry, the date on which it was first found dry was recorded. The habitats were
then monitored weekly to ascertain when they refilled with water. When the habitats
refilled with water the following were done: (1) sampling with sweep net to collect
mosquito larvae and pupae to observe for adult emergence in the laboratory; and (2)
collection of water samples for introduction of insectary reared An. gambiae s.s. larvae to

assess for adult emergence as described above.

4.3.7.4 Risk of vector production from untreated habitats

This activity was done only in sites assigned to the intervention arm of the study. Here,
the aim was to assess whether the three-weekly application of Sumilarv®0.5G was short
enough to prevent adult vector production from untreated aquatic habitats newly created
in-between successive application cycles. During the weekly surveys, sites in the
intervention arm of the study were monitored for any new aquatic habitat that were

95



created or filled up with water between any two successive Sumilarv®0.5G application
cycles. If a new aquatic habitat was found it was mapped and given a unique
identification number. Sumilarv®0.5G was not applied to the new habitat until the next
application cycle when all aquatic habitats in the intervention sites were treated. During
the period when the new aquatic habitats remained untreated sampling was done with a
sweep net as described above. Late instar Anopheles larvae and pupae were collected and

observed for emergence in the laboratory as already described.

4.3.7.5 Liquid chromatography-mass spectrometry (LC-MS) analysis of treated

water samples

In order to determine whether PPF could be detected in treated habitats, water samples
were taken and a method developed to analyse these samples by liquid chromatography-
mass spectrometry using electron spray ionization (LC/EIS-MS). Water samples were
collected from randomly selected aquatic habitats (excluding sentinel aquatic habitats) on
days 6, 12 and 19 after Sumilarv®0.5G application from aquatic habitats in a non-
intervention site (Ebulako) and an intervention site (Mudabala). Ten aquatic habitats were
selected from intervention site and five habitats from the non-intervention site. On each
weekly visit 10 water samples from intervention site and five samples from non-
intervention sites were collected. Thus during the three-week survey period a total of 45
water samples were collected. Water samples were collected as close as possible from the
bottom of the aquatic habitats and emptied into 1 L capacity glass jars. The water samples
were transported within 24 hours in a cool box to the laboratories at International Centre
of Insect Physiology and Ecology (icipe)-Nairobi. Water samples collected from non-
intervention and intervention study sites were transported in separate cool boxes to avoid

contamination.

In the laboratory, 500 ml of water samples were extracted in chloroform (Sigma Aldrich)
to separate the aqueous and organic layers. The organic layer where PPF was expected to
dissolve was concentrated by evaporating it to dryness in a rotary evaporator
(HEIDOLPH INSTRUMENTS, Germany). The residue was dissolved in1 ml methanol
(Sigma Aldrich) and stored at 4°C. To assist in quantification of PPF a known
concentration (0.00002 pg) of 4-benzyliphenyl (Sigma Aldrich) was added into each

extracted water sample as an internal standard just before the LC/EIS-MS run. First the
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standards of pure Sumilarv®0.5G and 4-benzylbiphenyl were initially run separately in
the LC-MS system to confirm the retention times of PPF and the internal standard. The
peaks of PPF and 4-benzylbiphenyl at the retention times were identified based on the
molecular masses of their individual ions (molecular masses of pyriproxyfen-322 and 4-
benzylbiphenyl-247).

The LC/ESI-MS used consisted of a quaternary LC pump (Model 1200) coupled to
Agilent MSD 6120-Single quadruple MS with electrospray source (Palo Alto, CA). The
mass spectrometry component of the system was used to verify the peak assigned to
pyriproxyfen or 4-benzylbiphenyl as the active ingredients based on their identification
on molecular masses of the ions. The system was controlled using ChemStation software
(Hewlett-Packard). Reverse-phase liquid chromatography was performed using an
Agilent Technologies 1200 infinite series LC, equipped with a Zorbax Eclipse Plus Cig
column, 4.6 x 100 mm x 3.5 um (Phenomenex, Torrance, CA). The following gradient
using A (5% formic acid in LC-grade ultra pure H,O) and B (LC-grade methanol)
(Sigma, St. Louis, MO) was used; 0-5 min, 95-100% B; 5-10 min, 100% B; 100-5 min.
The mobile phase liquid was acetonitrile (Sigma Aldrich). The flow rate was held
constant at 0.7 mL min™. The sample injection volume was 100 pl, and data were
acquired in a full-scan positive-ion mode using a 100 to 500m/z scan range. The dwell
time for each ion was 50 ms. Other parameters of the mass spectrometer were as follows:
capillary voltage, 3.0 kV; cone voltage, 70 V; extract voltage, 5 V; RF voltage, 0.5 V;
source temperature, 110°C; nitrogen gas temperature for desolvation, 350°C; and nitrogen
gas flow for desolvation, 400 L/h.

4.3.8 Data Analysis

All data were analysed using generalized linear models with R statistical software version
2.14.2. Generalized estimating equations (GEE) fitted to a Poisson distribution, with a
log-link function and an exchangeable correlation matrix were used to analyse data on
abundance of immature mosquitoes in sentinel aquatic habitats. Since habitats were
visited weekly, the unique habitat identification (ID) number was included in the GEE
model as the repeated measure. GEE models were also used to analyse data on the
proportion of aquatic habitats that contained mosquito larvae and pupae and proportion of

larvae and pupae collected from habitats or introduced into water samples collected from
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habitats that emerged into adults. Here the model was fitted to a binomial distribution,
logit function and exchangeable correlation matrix. The habitat ID was included in the
model as the repeated measure. The treatment arm (intervention, non-intervention sites)
and malaria transmission season (high, low) and in some instances the week of
monitoring after Sumilarv®0.5G application were included in the models as fixed factors.
The non-intervention arm of the study was always used as reference. Interaction of terms
between treatment arm and weeks were included in some models. All presented means
and their 95% confidence intervals were calculated as the exponential of the parameter
estimates for models with no intercept included. Generalized linear models fitted to
binomial distribution were used to compare the proportion of larvae or pupae collected
from non-intervention and intervention sites that successfully emerged as adults. Here the
treatment arm (non-intervention, intervention sites) was included as fixed factor. The
parameter estimates of the models were used to predict the mean proportions per
intervention group and their 95% confidence intervals (CIs) by removing the intercept
from the model. Multiple comparisons between intervention groups were also calculated

based on the parameter estimate of the models.

4.3.9 Ethical approval

Ethical approval for the study was obtained from KEMRI/National Ethics Review
Committee (SSC Protocol no. 1963). Authority to import Sumilarv®0.5G for the study
research was obtained from the Pests Control Products Board
(PCPB/I11/REG/VOL.1/11/22). Verbal informed consent was sought from farmers and
the local administrators and residents to sample aquatic habitats for mosquitoes and to

apply larvicides.

4.4 Results

4.4.1 Characteristics of study sites

A total of 970 aquatic habitats were mapped in all the study sites during the study period
(Table 4.1). Habitat density per hectare was similar in most sites except Mugogo which
had the fewest habitats (Table 4.1). Most aquatic habitats were man-made associated with

agricultural activity. Most habitats were drains in agricultural fields (78%), followed by
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burrow pits (12%), cultivated swamps (4%), puddles (3%), natural swamps (2%) and
river fringes (1%). Puddles were the most temporary water bodies that only appeared
following rainfall. Habitats in the western Kenya highlands were characterized by their
permanence. At any sampling date on average 87% (95% CI 85-90%) of the habitats
contained water. However there was a pronounced dry season between December 2011
and March 2012 when an average of 68% (95% CI 56-81%) of habitats had water per
week; this increased to 88% (95% CI 86-90%) during the remaining time (Figure 4.8).
The greatest reduction in wet habitats during the dry period (December 2011 - March
2012) was recorded in Muluhoro (site with greatest number of habitats) where a 29%

decline in habitats with water occurred.
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Figure 4.8: Proportion of habitats with water in relation to rainfall. The high malaria
transmission season in the highlands is during the long rainy season from March to June.
The remaining time of the year malaria transmission is low even though it rains (Fillinger
et al. 2009a).

4.4.2 Baseline characteristics of the aquatic habitats

At baseline, the chances of finding early and late instar Anopheles in an aquatic habitat
were similar in both treatment arms but significant differences were found in habitats

colonized by culicines and mosquito pupae (Figure 4.9, Table 4.4).
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Figure 4.9: Box and whisker plots showing the median proportion and interquartile

range of aquatic habitats being colonized by mosquito during the baseline surveys

from July to November 2011.

The chance of finding culicine larvae was 1.6-1.8 times less in the intervention sites

compared to non-intervention sites at baseline. It was also 1.6 times less likely to find

pupae in aquatic habitats in the intervention sites than non-intervention sites suggesting

that most of pupae were culicines (Table 4.4).
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Table 4.4: Chances of finding mosquito immatures in aquatic habitats during

baseline period

Mean proportion

Mosquito Treatment arm habitats with Odds ratio _value
genera immatures 95% CI) P
(95% CI)

Anopheles  non-intervention  0.48 (0.41-0.56) 1
early instar intervention 0.43 (0.39-0.48) 0.91 (0.75-1.10)  0.333
Anopheles  non-intervention  0.17 (0.13-0.22) 1
late instar intervention 0.17 (0.15-0.20) 1.00 (0.75-1.32)  0.991
Culex non-intervention  0.14 (0.12-0.16) 1
early instar  intervention 0.09 (0.07-0.11) 0.63 (0.47-0.83) 0.001
Culex non-intervention  0.13 (0.12-0.15) 1
late instar intervention 0.07 (0.05-0.08) 0.54 (0.45-0.65) <0.001
Pupae non-intervention  0.08 (0.06-0.10) 1

P intervention 0.05 (0.03-0.06) 0.62 (0.45-0.87)  0.005

Immature abundance in the sentinel sites was similar for all groups at baseline (Table
4.5). Table 4.5 shows the analyses for the overall abundance of immatures estimated in all
sentinel aquatic habitats in the study sites irrespective of whether they contained
immatures or not. Furthermore, it shows the actual abundance of immatures per habitat
that contained immatures. Interestingly, when only habitats with immature stages were
considered, it was nearly three times more likely to find a pupa in the intervention sites
than in the non-intervention sites at baseline. Possibly, the latter was again associated
with a higher, though only borderline significant, abundance of late instar culicines (Table
4.5).
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Table 4.5: Mean abundance of mosquito immature stages in sentinel aquatic

habitats at baseline

Mean abundance
per m* (95% CI)

Mosquito
genera

Rate ratio p-

Treatment arm (95%CI) value

Inclusive of all sentinel aquatic habitats (colonized and not)

Anopheles  non-intervention  1.50 (1.02-2.19) 1
early instar  intervention 1.87 (1.20-2.92) 1.25(0.71-2.18)  0.434
Anopheles  non-intervention  0.40 (0.24-0.65) 1
late instar ~ intervention 0.75 (0.44-1.29) 1.89 (0.96-3.72)  0.066
Culicine non-intervention  0.39 (0.23-0.66) 1
early instar  intervention 0.32 (0.16-0.65) 0.82(0.36-1.89)  0.646
Culicine non-intervention  0.23 (0.14-0.38) 1
late instar intervention 0.32 (0.19-0.55) 1.37 (0.71-2.64)  0.346
PUDaE non-intervention  0.07 (0.04-0.11) 1
P intervention 0.14 (0.05-0.40)  2.21(0.77-6.34)  0.140

Only sentinel aquatic habitats that contained mosquito immatures

Anopheles  non-intervention  4.37 (3.04-6.28) 1
early instar  intervention 4.96 (3.55-6.93) 1.14 (0.69-1.86)  0.613
Anopheles  non-intervention  2.25 (1.40-3.60) 1
late instar intervention 3.48 (2.50-4.85)  1.55(0.90-2.65)  0.111
Culicine non-intervention  2.87 (1.90-4.35) 1
early instar intervention 3.60 (1.96-6.62) 0.25(0.60-2.59)  0.545
Culicine non-intervention  2.22 (1.52-3.24) 1
late instar intervention 3.44 (2.46-4.81) 1.55(0.95-2.51)  0.077
PUDaE non-intervention  0.89 (0.61-1.28) 1
P intervention 2.32 (0.94-5.73) 2.62 (1.03-6.55)  0.042
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Since there was no difference in habitat colonization and abundance of early and late
instar Anopheles, the organisms of interest, the impact of Sumilarv®0.5G applications
was assessed by comparing data from non-intervention sites with data from intervention
study sites during the intervention year only. The reason for this is that the baseline

collection period was short and did not cover the same seasons as the intervention period.

4.4.2.1 Investigating the impact of Sumilarv®0.5G applications during the

intervention period

The impact of Sumilarv®0.5G applications in inhibiting adult vector production from
aquatic habitats in the intervention study sites were compared during both the low and
high malaria transmission seasons. The two transmission seasons are defined based on
differences in adult Anopheles densities as previously described in the same study area
(Fillinger et al. 2009a). The high transmission season occurs between March and June
when adult Anopheles density substantially increases while the remainder of the year is

considered the low transmission season due to the low density of Anopheles.

4.4.2.2 Mosquito positivity rate of aquatic habitats

In non-intervention sites, the probability of an aquatic habitat being colonized with early
instar Anopheles larvae nearly doubles during the high transmission season compared to
the low transmission season (also confirming the definition of these seasons). This effect
can also be seen for late instars, although is less pronounced likely due to increased
mortality (Figure 4.10, Table 4.6).
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Figure 4.10: Box and whisker plots showing the median proportion and
interquartile range of aquatic habitats being colonized by mosquito during the

intervention surveys from December 2011 to December 2012

Compared to the non-intervention sites, the probability of finding a habitat positive for
early instar Anopheles in intervention sites was reduced five-fold when low transmission
seasons were compared and reduced seven-fold when high transmission seasons were
compared. Similarly, habitats with late instar Anopheles larvae were five times less likely
to be encountered in intervention sites than non-intervention sites irrespective of season
(Table 4.6). Culicines occur less frequently than Anopheles larvae in the aquatic habitats
of the western Kenya highlands which has also been shown previously (Ndenga et al.
2011). The impact of Sumilarv®0.5G application on culicines was consequently less
conspicuous. There is however an indication that fewer habitats in intervention sites were
colonised by culicines since the proportion of habitats with early instars decreases in the

intervention period especially during the high malaria transmission season (Table 4.6).
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Table 4.6: Chance of finding mosquito immatures in aquatic habitats during

intervention period (excluding baseline data)

Mean proportion

of habitats
Mosquito Malaria colonized Odds ratio p-
genera Treatment arm season (95% CI) (95% CI) value
non-intervention Low 0.191 (0.185-0.197) 1
Anopheles non-intervention  High 0.311 (0.300-0.322)  1.91 (1.79-2.03) <0.001
early Intervention low 0.048 (0.045-0.051)  0.21 (0.20-0.23) <0.001
instar Intervention High 0.057 (0.052-0.063) 0.26 (0.23-0.28) <0.001
non-intervention Low 0.174 (0.170-0.179) 1
non-intervention High 0.226 (0.216-0.235) 1.38(1.29-1.47) <0.001
Anopheles Intervention low 0.037 (0.034-0.040)  0.18 (0.16-0.20) <0.001
late instar  Intervention High 0.051 (0.047-0.057)  0.26 (0.23-0.29) <0.001
non-intervention  Low 0.062 (0.058-0.065) 1
Culicine non-intervention  High 0.084 (0.077-0.091) 1.39(1.25-1.54) <0.001
early Intervention low 0.058 (0.055-0.062)  0.94 (0.86-1.03) 0.180
instar Intervention High 0.053 (0.048-0.058) 0.85 (0.76-0.96) 0.009
non-intervention Low 0.083 (0.080-0.087) 1
non-intervention High 0.067 (0.061-0.073)  0.79 (0.71-0.87) <0.001
Culicine Intervention low 0.056 (0.052-0.060)  0.65 (0.60-0.70) <0.001
late instar  Intervention High 0.043 (0.040-0.048) 0.50 (0.44-0.56) <0.001
non-intervention  Low 0.054 (0.052-0.057) 1
non-intervention  High 0.033 (0.029-0.037)  0.59 (0.51-0.68) <0.001
Intervention low 0.012 (0.010-0.014)  0.21(0.18-0.24) <0.001
Pupae Intervention High 0.012 (0.010-0.015)  0.22 (0.18-0.27) <0.001

Notably, habitats with pupae in non-intervention sites decreased during the high

transmission season compared to the low transmission season which might be related to

the reduced numbers of habitats with late instar culicines but might also be an indicator

that heavy rainfall affects survival or more easily washes out pupae than larvae (Romoser

and Lucas 1999; Paaijmans et al. 2007). Nevertheless, habitat positivity rates for pupae

were five-fold reduced during the low transmission season and three-fold during the high

transmission season in intervention sites compared to non-intervention sites (Table 4.6).
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Figure 4.11: Mean proportion of aquatic habitats colonized by early (A) and late (B)
instar Anopheles larvae and mosquito pupae (C) during the study period (error
bars=95% confidence intervals). Red arrow indicates when the application of

Sumilarv®0.5G to aquatic habitats in the intervention sites started

Figure 4.11 shows the seasonal habitat colonisation over 84 survey weeks. Whilst at
baseline there is no difference, throughout the intervention the proportion of aquatic
habitats colonized by Anopheles larvae and pupae was reduced in the intervention sites as

compared to non-intervention sites. Greatest reductions in late instars and pupae occurred
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following the long rainy season (March-June) when the number of aquatic habitats
colonized in the non-intervention sites increased greatly (Figure 4.11).

4.4.3 Mosquito immature abundance in sentinel aquatic habitats

Larval density of early instar Anopheles also divert in non-intervention and intervention
areas with the beginning of the intervention with the most pronounced difference during
and immediately after the long rainy season (high transmission season) that occurs
between weeks 39 and 55. This trend is also reflected in the late Anopheles instar and
pupae density although to a lesser extent (Figure 4.12). Since the latter two stages can
serve as a proxy for productivity, it becomes clear that habitat productivity is highest
during the long rains and consequently responsible for peak malaria transmission. Thus
the impact of the intervention in reducing larval abundance in intervention sites is greater

when comparisons ar