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Abstract

Current malaria vector control strategies in Africa target indoor resting and biting mosquitoes
and rely heavily on a small number of insecticides. These interventions have lead to the
selection of insecticide resistance, behavioural adaptations of the vectors and leave naturally
exophilic species nearly untouched. Gravid Anopheles gambiae s.l. female searching for an
oviposition site would be a novel target for vector control. However, little is known about the
oviposition-site selection behaviour (criteria) of this mosquito.

The major aim of the presented research was to investigate if gravid An. gambiae s.I make
informed choices when selecting an oviposition site and to identify physical, chemical and
biological parameters associated with these choices under standardized experimental and
natural field conditions.

Standardized field tests and dual-choice oviposition bioassays were used to evaluate
responses to soil and rabbit food pellets infusions and habitat water and also to test if bacteria
and the volatile chemicals that bacteria produce are relevant to habitat selection. A case-
control approach was used to study natural aquatic habitats on Rusinga Island in Lake
Victoria during the long rainy season in 2012 to compare the characteristics of habitats
colonized (cases) and not colonized (controls) by early instar Anopheles larvae. Factors
evaluated included biological characteristics of the sites, zooplankton, invertebrate fauna,
physical parameters, nutrients, bacteria communities and volatile chemicals released from the
water. Multivariate analyses were used to investigate associations between oviposition site
characteristics and habitat selection by Anopheles.

The experimental work illustrated that wild and caged An. gambiae s.l. females discriminate
between potential aquatic habitats for oviposition and gravid An. gambiae s.I. female select
suitable habitats using preferred and avoided chemical cues from water bodies. It furthermore
emphasizes that natural infusions can be used to manipulate the oviposition behaviour of An.
gambiae s.I.. In the field no evidence was found that bacteria from natural habitat water were
involved in habitat selection. Although chemical cues were highly diverse analysis suggests
that cases and control habitats differ in the headspace volatile profile of the water. High
turbidity >200 nephelometric turbidity units (NTU) was the only environmental factor
strongly associated with cases. Other risk factors were higher grass coverage (positive
association), and the abundance of creeping water bugs of the family Naucoridae and fish
(negative associations).

This study demonstrates that gravid An. gambiae females choose suitable habitats for
oviposition using a complex system of chemical and visual cues from water bodies. Habitats
preferred by An. gambiae exhibited distinct and measurable characteristics that can be
potentially exploited to attract and kill gravid females to improve malaria vector monitoring
and control.
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Chapter 1 Introduction

1.1 Malaria

Malaria is among all parasitic diseases in humans the one with the greatest impact on
populations worldwide in terms of lives lost and social and economic burden (Witty 2004;
Warburg et al. 2011). It is widespread in tropical and subtropical regions, including parts of
America, Asia, and Africa. The World Health Organization reported 198 million cases
globally in 2014 resulting in 584,000 deaths. The biggest burden of malaria is found in sub-
Saharan Africa, where an estimated 90% of malaria deaths occur in children under the age of
5, who accounted for 78% of the deaths reported (WHO 2014).

Malaria is caused by Plasmodium (Haemosporida: Plasmodiidae) parasites and transmitted by
Anopheles (Diptera: Culicidae) mosquitoes. Five species of the genus Plasmodium cause all
malaria infections in human beings. Most cases are caused by either P. falciparum or P.
vivax, but infections can also be caused by P. ovale, P. malariae, and, in parts of Southeast
Asia, by the monkey malaria P. knowlesi (Kantele & Jokiranta 2011; White et al. 2014). Only
around 41 of more than 400 Anopheles species are able to transmit malaria between humans

at a level of major concern to public health (Harbach 2013).

The most competent malaria vector mosquitoes are found in sub-Saharan Africa and belong
to the Anopheles gambiae species complex which consists of nine species (Edmondson 1959;
Gillies & Coetzee 1987) and the Anopheles funestus species complex which also consists of 9
species. Members of a species complex have different behaviour, larval habitat requirements
and vectorial capacity to transmit the disease (Gillies & De Meillon 1968; Gillies & Coetzee
1987). Anopheles gambiae sensu stricto (s.s.) and An. arabiensis of the An. gambiae complex
(An. gambiae sensu lato (s.lI.) and An. funestus s.s. of the An. funestus complex are the most
effective malaria vectors worldwide because they are long lived and robust to environmental
change, occur in high densities in tropical climates, breed readily in a large variety of
available larval habitats and have a strong preference for biting humans when no control
measures stop them from doing so (Gillies & De Meillon 1968; Gillies & Coetzee 1987;
Sinka et al. 2012). To transmit malaria, a female Anopheles must bite a person carrying
Plasmodium gametocytes and live long enough to allow the parasite to complete its sexual

development which ends as sporozoites in the mosquito salivary glands; this sporogonic cycle
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takes 10-12 days in An. gambiae s.l.. Consequent bites can then infect a healthy person with

Plasmodium (Figure 1.1).

Life Cycle of the Malaria Parasite

Sorozoites

Source: NIH/NIAID (http://www.niaid.nih.qov/topics/MaIaria/Paqes/lifecycle.aspx)

Figure 1.1. Life cycle of malaria parasite:

(1) A female Anopheles mosquito carrying malaria-causing parasites feeds on a human and
injects the parasites in the form of sporozoites into the bloodstream. The sporozoites invade
liver cells. (2) The sporozoites grow, divide, and produce thousands of haploid merozoites,
per liver cell. (3) The merozoites exit the liver cells and re-enter the bloodstream, beginning a
cycle of invasion of red blood cells, asexual replication, and release of newly formed
merozoites. This multiplication results in illness and complications of malaria. (4) Some of
the merozoite-infected blood cells leave the cycle of asexual multiplication and develop into
sexual forms, called gametocytes that circulate in the bloodstream. (5) When a mosquito bites
an infected human, it ingests the gametocytes. In the mosquito gut, the infected human blood
cells burst, releasing the gametocytes, which develop further into mature sex cells called
gametes. Male and female gametes fuse to form diploid zygotes, which develop into actively
moving ookinetes that burrow into the mosquito midgut wall and form oocysts. (6) Growth
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and division of each oocyst produces thousands of active haploid sporozoites. After 10-12
days (for Plasmodium falciparum), the oocyst bursts, releasing sporozoites into the body
cavity from which they travel to and invade the mosquito salivary glands. The cycle of
human infection re-starts when the mosquito takes a blood meal, injecting the sporozoites
from its salivary glands into the human bloodstream (taken from (WHO 1957))

Malaria control measures aim to prevent morbidity and mortality and to reduce the
socioeconomic loss due to the disease. Control measures currently used, target either the
malaria parasites through early diagnosis and treatment of malaria with effective medicines or
they target the mosquito vector with the aim to prevent transmission (WHO 2014).

1.2 Vector control

1.2.1. The history of vector control
Since the discovery of the malaria parasite in human blood by Alphonse Laveran and later the

establishment of the role of mosquitoes in malaria transmission by Sir Ronald Ross at the end
of the 19" century, numerous regional and global efforts have been carried out in order to
control, eliminate and eventually eradicate this disease (Najera 2001). In 1913 Malcom
Watson, studying a malaria outbreak in the lowland areas of Malaysia, noticed that not all
Anopheles mosquitoes were able to carry the parasite and thus to transmit the disease. In
particular, he demonstrated that in Malaysia the main carrier of the parasite was An.
umbrosus which bred in pools of stagnant water in the jungle; he then proved that the
abolition of these pools by drainage and cultivation of the land reduced malaria incidence
significantly. Furthermore he demonstrated that malaria could be eradicated guided by the
study of the ecology of Anopheles mosquitoes (Watson 1913). This strategy focused on the
mosquito vector and malaria epidemiology was later known as “species sanitation” and was
effectively implemented in Indonesia and North Holland (Najera 2001). Early in the 1900’s
malaria control was carried out on a regional scale and often as part of larger programs
targeting other vector borne diseases. Integrated vector management was frequently practiced
in these early programs including draining of swamps, treating standing water with petroleum
oils or Paris Green, screening of windows and doors and spraying with pyrethrum extracts
(Imbahale et al. 2012; WHO 2014).

Early successes and tools were rapidly forgotten after the discovery of dichloro-diphenyl-

trichloroethane (DDT) during the second war world (Johannesen, Dunn & Morrell 2014).
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DDT was the first insecticide with a long lasting residual effect used to kill mosquitoes
resting on house walls. It could be applied every six months overcoming the problem faced
with pyrethrum extracts that needed weekly application. This attribute allowed malaria
control programs to be cost-effective and to be extended to many rural areas (Najera,
Gonzalez-Silva & Alonso 2011). The enormous success in combating vector borne diseases
with this insecticide however, led to a decline in the interest for funding studies focusing on
mosquito biology and to an increase in supporters of the idea that malaria could be wiped out
from every place using a single tool; in this case the spraying of houses with the residual
insecticide DDT (Johannesen, Dunn & Morrell 2014).

The World Health Organization (WHO) launched the Global Malaria Eradication Program in
1955. This program relyed on the use of DDT for vector control and the use of Chloroquine
for the treatment of infected individuals (WHO 1957). These new tools yielded extraordinary
results in countries with temperate climates and stable economies where malaria was
eradicated but failed in most of the tropical countries that were included in the program i.e.
Haiti and Nicaragua. In addition, in countries like India and Sri Lanka the campaign
interrupted outbreaks for as long as the program was implemented but once the interventions
stopped malaria cases went back to normal and often a recrudescence effect was observed
(WHO 1959). Furthermore, this global campaign excluded most of the countries from sub-
Saharan Africa. Failure to eradicate malaria in some of the areas where it was attempted was
attributed to the emergence of drug resistance in humans, mosquito resistance to DDT and
lack of community participation (WHO 1978). In 1977 the goal of eradication was officially
abandoned and replaced by the aim of malaria control. It was recognized that one single
approach was not advantageous in decreasing transmission and that a profound knowledge of
malaria epidemiology (i.e. parasite, human, vector) is required at local levels for tailored
attacks of the disease (Sharma 2012).

1.2.2. Current vector control in sub-Saharan Africa relies on strategies targeting
Anopheles vectors indoors

After the eradication campaign the international community was slow to respond and the
number of cases of malaria increased worldwide. New research foci were the development of
drugs and vaccines and the improvement of health systems. For vector control only
insecticide-treated nets (ITNs) were intensively investigated (Lengeler 2004). In 1998 WHO
launched The Roll Back Malaria initiative that was further supported by the Millennium
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Development Goals with the aim to reduce global malaria cases from 2000 levels by 50% in
2010 and by 75% in 2015 (WHO 1999). This initiative was funded by the Global Fund to
Fight AIDS, Tuberculosis and Malaria, the World Bank, and the US President’s Malaria
Initiative (WHO 2000). The strategy of Roll Back Malaria was based on prompt diagnosis
and treatment with artemisinin combination therapies (ACTs) and vector control. Two
approaches were recommended for attacking the mosquitoes; insecticide treated nets (ITNSs)
and indoor residual spraying (IRS) (GMAP 2008). These vector control interventions target
exclusively mosquitoes that feed and rest inside human dwellings as is the case with the
major African malaria vectors; An. gambiae s.s. and An. funestus s.s. (Gillies & De Meillon
1968). The result of these interventions has been remarkable in reducing the number of cases
and deaths caused by malaria in various parts of the world including a number of countries in
Africa (Lengeler 2004; Okiro et al. 2007; Protopopoff et al. 2007; Pluess et al. 2010). As a
consequence of this success the enthusiasm for malaria elimination and eradication has

reappeared once again on the global agenda (Tanner & de Savigny 2008).

1.2.3 The importance of the development and use outdoor vector control strategies
The current vector control strategies (IRS, ITNs) have shown to be effective in saving lives

worldwide however, the same strategies are facing challenges that need to be overcome if
malaria elimination is to be achieved. These obstacles include the development of pyrethroid
resistance in the major Anopheles vectors (Ranson et al. 2009; Ranson et al. 2011). This is
particularly worrying given that this is the only type of insecticide approved for ITNs so far.
Behavioural avoidance of the house environment where insecticides are present is another
serious concern. Furthermore, vectors show a considerable plasticity in their behaviour which
allows them to respond with some flexibility to the vector control measures. It has been
shown that historically anthropophagic vectors accept other blood-meal hosts when given no
choice, that more outdoor feeding and early evening feeding takes place when people are not
protected (Sharma et al. 2008; Ferguson et al. 2010; Reddy et al. 2011; Riehle et al. 2011)
and that current vector control interventions leave the more exophilic vectors like An.
arabiensis (Tirados et al. 2006; Oyewole et al. 2007; Bayoh et al. 2010) and secondary
vectors like An. coustani and An. rivulorum less affected by indoor interventions (lkeshoji
1966; Najera 2001) maintaining low but stable malaria transmission in many areas (Killeen
2014).

Malaria elimination will require the addition of new vector control tools that target the

mosquito outside the house (Figure 1.2). To develop these tools however, extensive research
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is required to understand the behaviour of adult vectors in the outdoor environment. It is
surprising that apart from the blood feeding behaviour little is known about how sub-Saharan
Anopheles mosquitoes select and exploit other resources like aquatic habitats, mates, sugar
sources and resting sites (Ferguson et al. 2010). A series of potential new and improved
vector control tools tackling multiple points in the mosquito life cycle have been summarized
recently by (Killeen 2014). These include spatial repellents, house screening, repellent
clothing, insecticide-treated cattle, toxic sugar baits and improved larval source management
practices (Figure 1.2).
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Source Killeen 2014 (http://www.malariajournal.com/content/13/1/330)

Figure 1.2. Life cycle of malaria vector mosquitoes showing different behaviours that
enable them to avoid conventional control strategies and targets for novel intervention

strategies

1.2.4 Renewed interest in larval source management and selection of aquatic habitats by
Anopheles gambiae s.1.
Recent field evaluations of larval source management using larvicides under various eco-

epidemiological conditions in Africa showed that hand-applied larviciding reduced
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transmission by 70-90% where the majority of aquatic mosquito larval habitats were defined
and aquatic surface areas not too extensive (Fillinger et al. 2008; Fillinger et al. 2009b) and
that the addition of larviciding to ITNs has a significant added benefit in reducing malaria
incidence (Trexler et al. 2003b; Fillinger et al. 2009a). However, it has also been recognized
that larval control programs using larvicides require well established and managed programs,
a large and trained labour force and a frequent re-application of larvicides to all aquatic

habitats in the target area (Tusting et al. 2013).

Field studies have demonstrated that the colonization of aquatic habitats by An. gambiae s.I.
larvae differ over space and time (Fillinger et al. 2009b; Ndenga et al. 2011; Imbahale et al.
2012). Since not all aquatic habitats have the same chance of being chosen by female vectors
for oviposition, individual habitats differ in their capacity for generating adult mosquitoes
(Muirhead-Thomson 1945; Muirhead-Thomson 1951; Fillinger et al. 2004; Mutuku et al.
2006). As a result, researchers have been advocating a more selective approach by targeting
anti-larval interventions at larval habitats favoured by An. gambiae s.l. to make this
intervention more cost-effective (Gu & Novak 2005; Gu et al. 2006; Gu, Utzinger & Novak
2008).

At present, however, it is not possible to identify the most productive Anopheles larval
habitats. Although studies show that clear heterogeneities of productivity exist, the data are
not adequate to provide the basis for rational targeting (Killeen et al. 2006). We do not know
precisely what factors are responsible for these differences nor whether these factors, once

identified, would be suitable for directing control activities.

Large-scale longitudinal studies in the floodplains of the Gambia River, rural lowland and
highland areas in Kenya and in urban Dar es Salaam in Tanzania (Fillinger et al. 2008;
Majambere et al. 2008; Ndenga et al. 2011) have shown that on any given sampling date only
20-50% of aquatic habitats contained anopheline larvae. In these scenarios it is common to
find a large number of similar habitats close to human hosts that would seem suitable
breeding sites, yet some of them are either consistently free of larvae or their colonization
changes over space and time leaving only a small fraction with larvae (Muirhead-Thomson
1945; Muirhead Thomson 1951; Majambere et al. 2008).

Risk factor analyses of habitat characteristics identifiable under operational conditions (e.g.
habitat type, habitat size, vegetation cover) failed to reveal any factors that could consistently
predict sites preferred by An. gambiae s.l. (Majambere et al. 2008). Nevertheless, site
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selection is unlikely to occur at random since laboratory studies indicate that there are several
cues which are used by gravid female for oviposition (Bates 1940; McCrae 1984; Bentley &
Day 1989; Sumba et al. 2004; Sumba et al. 2008).

1.3 Oviposition behaviour in mosquitoes

The heterogeneous distribution of larvae is likely to result from a combination of two factors;
selection of oviposition site by the female mosquito and the survival of larvae in the aquatic
habitat. Whilst a number of studies have investigated risk factors for indoor-biting
mosquitoes (Watson 1913; Pinault & Hunter 2012), there are few that have specifically
investigated the reverse journey that a gravid female makes from a dwelling to a breeding
site.

Oviposition behaviour is associated with a complex interaction of physical and chemical cues
emanating from a potential oviposition site that is perceived by gravid mosquitoes when
looking for a water body to lay their eggs. This behaviour might be mediated by long-range
cues that help the mosquito to identify different habitats; some of these cues (vegetation,
shade, light reflection) are probably evaluated visually before the mosquito makes contact
with water (Bentley & Day 1989). Short distance cues are probably based on chemicals
released from water bodies (attractants and repellents), which guide mosquitoes to locate

suitable habitats and make oviposition choices (Takken & Knols 1999).

Early laboratory studies demonstrated that gravid anophelines responded to different light
and dark contrasts and brightness (Bates 1940; McCrae 1984). Anopheles atroparvus, An.
arabiensis and An. gambiae s.s. were shown to prefer laying eggs on dark backgrounds rather
than pale ones (Bates 1940; McCrae 1984; Huang et al. 2005; Balestrino et al. 2010).

The physical conditions and composition of the substrate are also important. It was shown
that Anopheles gambiae s.s. preferred to lay eggs in oviposition sites containing calcium
(Bates 1940), mud and turbid water (McCrae 1984) and some studies have shown that more
eggs were laid in water from a natural breeding site than tap or distilled water (McCrae 1984;
Sumba et al. 2004). These data suggest that soil factors can also mediate olfactory oviposition

behaviour in anophelines, however the evidence is sketchy (Takken & Knols 1999).

1.3.1 The potential role of semiochemicals in oviposition site selection
Olfactory cues are involved in important behaviours of female mosquitoes and there is good
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evidence that oviposition is also governed by semiochemicals (Takken & Knols 1999). From
all the external signals that a mosquito can perceive, chemicals provide important information
about the location, suitability or physiological state of conspecifics, hosts or breeding sites
(Logan & Birkett 2007).

Semiochemicals are chemicals that influence the behaviour and physiology of insects (Dicke
& Sabelis 1988). Mosquitoes chemosensory organs primarily consist of diverse cuticular
extensions called sensillae located primarily on the antennae and maxillary pulps (Mclver
1982). Sensillae have porous surfaces that open to an array of olfactory receptor neurons
(ORNs), each with unbranched and multi-branched sensory dendrites. The dendrites are
suspended in lymph within the sensilla lumen containing odour binding proteins (OBPs).
Olfactory molecules that move into the sensilla through the pores bind to OBPs and are
carried through to dendrites of ORNs. The ORNs then convey signals to the insects central
nervous system (CNS) causing changes in behaviour or physiology of the mosquito (Su,
Menuz & Carlson 2009). Olfactory receptor neurons can be sensitive to a few chemicals or to

a wider range of compounds (Carey et al. 2010).

In oviposition, it is hypothesized that the chemicals emanating from a water body guide the
female to the breeding site and upon landing and contact with the water surface stimulates the
female to lay her eggs (Bentley & Day 1989). Such chemicals can be divided into two broad
groups: those that attract or repel mosquitoes from a distance, and those that mediate the
actual act of oviposition. Attractants and repellents are volatile compounds acting over a
distance whilst those involved in the initiation of oviposition may be non-volatile chemicals.
The process of oviposition can be briefly summarized as a pathway of behaviours where the
mosquito receives stimulation to take flight, orientates the flight upwind in response to
attractants, arrestment and sampling of a site, and finally, oviposition stimulation (Isoe,
Millar & Beehler 1995).

Chemical cues can originate from natural water bodies as breakdown products of bacterial or
algae origin, from the eggs themselves as an oviposition pheromone or released by other
organisms like predators (Laurence & Pickett 1982; Ponnusamy et al. 2008a; Silberbush et
al. 2010). These sources of stimuli might result in the aggregation of eggs in sites suitable for
larval development (McCall & Cameron 1995). Until now the evidence for the involvement
of semiochemicals in oviposition site selection is limited to very few mosquito species.

Numerous compounds have been described as being involved in the oviposition behaviour in
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few species of the genera Culex and Aedes although just a few of them have been confirmed

as oviposition attractants (Table 1).

The first and most studied oviposition pheromone was identified in mosquitoes of the genus
Culex. Initially observations showed the egg rafts attracted gravid females of Cx. tarsalis, Cx.
molestus and Cx. quinquefasciatus to lay eggs at the same oviposition sites, later it was found
that the increment observed in the oviposition of Culex spp. occured due to droplets present
on the egg’s apex (McCall & Cameron 1995). Gas chromatography coupled to mass
spectrometry revealed that the active compound in the droplets was erythro-6-acetoxy-5-
hexadecanolide (AHD) (Laurence & Pickett 1982). The pheromone was synthesized and its
efficacy tested in a field site in Tanzania. Pheromone alone caught as many gravid

mosquitoes as a standard grass infusion and was active for 9 days (Mboera et al. 2000).

In contrast chemical mediation of oviposition site selection in An. gambiae s.l. is poorly
understood. Gravid female mosquitoes have been shown to detect 3-methyl-indole, indole, p-
cresol, o-cresol, phenol, m-cresol 4-methylcyclohexanol and 2-propyl phenol in
electrophysiological studies (Blackwell & Johnson 2000). These compounds are therefore
thought to be important cues for gravid An. gambiae s.I. and are frequently referred as
putative attractants. There is however, a huge gap in evidence showing that these chemicals
actually elicit a behavioural response and more importantly the type of response they might
elicit. Nevertheless, if a better understanding of the chemical cues used by gravid females is
gained this would increase the possibilities to implement novel strategies for vector control.

Perhaps the better examples of how the identification of semiochemicals can improve
dramatically control of an insect target comes from agriculture. When it became clear that
insects used their chemical senses to communicate with conspecific and other species of
animals or plants it was possible to develop semiochemical-based pest management that were
environmentally and human friendly (El-Sayed et al. 2006). These methods have shown to be
advantageous because many if not most semiochemicals are relatively nontoxic to vertebrates
as well as beneficial insects and also its high selectivity to the targets species. The most
successful semiochemical-based-pest management approaches include mass trapping,
attractant (lure) & Kill and Push-Pull strategies (de Franga et al. 2013).
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Mass trapping uses species-specific synthetic chemical lures (pheromones and host/food
attractants), to attract insects to a trap where they would be confined and die. Mass trapping
using odour-baited traps is one of the older approaches to direct control of insects for
population control and eradication (Steiner 1952; El-Sayed et al. 2006). As an extension of
the mass trapping strategy, “Attract and Kill” approaches have been created by using sex
pheromones or food attractant in combination with a killing agent (insecticide). This is a very
efficient system, given that the insect can be directed to a selected point where it will get in
contact with the insecticide allowing reducing of amount of insecticide applied i.e. there is no
need to cover the whole crop (Charmillot, Hofer & Pasquier 2000). These systems have been
successfully used against several pests like the boll weevil, Anthonomus grandis; apple
maggot, Rhagoletis pomonella and the codling moth, Cydia pomonella among others
(Bostanian & Racette 2001).

One of the major developments in chemical ecology is the understanding that semiochemicals
should not be used alone, but in combination with biological control agents. Probably the best
example is the Push-Pull strategy, which involves “pushing” the insect away from the
economic crops, and “pulling” them onto a trap crop where their population is reduced by a
natural enemy (Foster & Harris 1997). This strategy is based in a profound understanding of
chemical ecology, agrobiodiversity, plant-plant and plant-insect interactions (El-Sayed et al.
2006). In Eastern Africa Push-Pull is effectively used to control pests (Stemborers) and
weeds affecting maize and sorghum crops. This strategy is based in the intercropping of the
cereal crop with a repellent intercrop such as Demodium (Push), and with an attractive trap
plant such as Nepier grass (Pull) planted as a border crop and this intercrop (Cook, Khan &
Pickett 2007; Hassanali et al. 2008). Beside this, push-pull strategy has been applied in the
control of Helicoverpa sp. in cotton, thrips on chrysanthemums and the Colorado potato

beetle Sitona lineatus (de Franca et al. 2013).

In mosquitoes, preliminary “push-pull” studies have been done in semi-field systems or in
small scale trials with promising results (Barbosa et al. 2010; Obermayr et al. 2012; Salazar
et al. 2012), however, the knowledge about the semiochemicals and its role in oviposition

behaviour remain incipient.
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Table 1.1 Infusions, bacteria and semiochemicals that mediate oviposition response in mosquitoes

Source Bacteria identified Chemicals identified Mosquito species Response Authors
Manure infusion Ae. aegypti var. Attraction (O'Gower 1963)
queenslandis
Log pond infusion 0-cresol Cx. quinquefasciatus Attraction (Gjullin, Johnson & Plapp
Grass infusion alpha-Ethyl-p-methoxybenzyl Cx. tarsalis No effect 1965)
alcohol
Ethyl methylcarbamate
Phenethyl methylcarbamate
alpha-conidendrol tetraacetate
N-Ethyl-o-veratrylamine
2,6 Dimethoxyphenol-ethylene
oxide
Hay infusion Aerobacter aerogenes No identified Cx. pipiens Attraction (Hazard, Mayer & Savage
quinguefasciatus 1967)
Pseudomonacea Capric acid Culex restuans Attraction (Maw 1970)
Culex pipiens
Culex tarsalis
Aedes aegypti
Breeding site water Pseudomonas aeroginosa | Intermediate metabolites of Culex pipiens fatigans Attraction (Ikeshoji 1966) (Ikeshoji,
Capric and pelargonic acids Culex molestus Saito & Yano 1975)
Aedes aegypti
Betula papyrifera infusion P-cresol Aedes triseriatus Attraction (Bentley et al. 1979)
Purina® Laboratory chow infusion Acetic acid Cx. quinquefasciatus Repellence (Hwang, Kramer & Mulla
Propionic acid Cx. tarsalis 1980)
Isobutyric acid
Butyric acid
Isovaleric acid
Caproic acid
Fatty acids from Cs to Cy3 Cx. quinquefasciatus Repellence (Hwang et al. 1982)
Nonanoic acid* Cx. tarsalis
Ae. Aegypti

Egg rafts

Erythro-6-acetoxy-5-
hexadecanolide (AHD)

Cx. quinquefasciatus

Oviposition pheromone

(Laurence & Pickett 1982)

Bacillus cereus
Pseudomonas aeruginosa

Ae. aegypti

Stimulation/Attraction

(Hasselschwert & Rockett
1988)

Bermuda grass infusion

phenol
4 Methylphenol
4 Ethylphenol

Cx. quinquefasciatus

Stimulation/Attraction

(Millar, Chaney & Mulla
1992)
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indole
3 Methyl indole (skatole)

Hay infusion 3 Methyl indole Ae. aegypti Moderate responses to (Allan & Kline 1995)
Larval rearing water 4 Methylphenol Ae. albopictus infusions and chemicals
Field collected larval water 4 Ethylphenol
indole
phenol
Bermuda grass infusion Cx. quinquefasciatus Attraction (Isoe et al. 1995; Isoe &
Cx. tarsalis Millar 1995)
Oak leafs infusion Ae. albopictus Stimulation/Attraction (Trexler, Apperson &
Ae. triseriatus Schal 1998)
Bacillus cereus Ae. albopictus Stimulation/Attraction (Pavlovich & Rockett
Pseudomonas aeruginosa 2000)
Larval conditioned water Heneicosaene Ae. aegypti Oviposition attractant (Mendki et al. 2000)
pheromone
Bacteria filtrates Bacillus cereus Cx. quinquefasciatus Attraction/No effect (Poonam, Paily &

Pseudomonas
fluorescens

Bacillus thuringiensis
Bacillus sphaericus
Bacillus megaterium
Azospirillum brasilense

Balaraman 2002)

Larval rearing water Psychrobacter immobilis Ae. albopictus Attraction (Trexler et al. 2003b)
Soil contaminated cotton towels Sphingobacterium
Oak leaf infusion multivorum
Bacillus species
4 Methylphenol Ae. albopictus Repellence (Trexler et al. 2003a)
3 Methyl indole
Grass (Panicum maximun) infusion Ae. aegypti Stimulation/Attraction (Santana, Roque & Eiras
Ae. albopictus 2006)
Breeding site Stenotrophomonas An. gambiae s.s. Repellence (Huang et al. 2006a)
maltophilia
Long chain fatty acids Hexadecyl pentanoate, Ae. aegypti Repellence (Sharma et al. 2008)
Tetradecyl heptanoate Ae. albopictus
Tridecyl octanoate
Bamboo leaf infusion 14 spp most of them Nonanoic acid Ae. aegypti Attraction (Ponnusamy et al. 2008a)

White-oak leaf infusion

Gammaproteobacteria
18 spp most of them
Gammaproteobacteria

Decanoic acid
Dodecanoic acid
Tetradecanoic acid

Tetradecanoic acid, methyl ester

Hexadecanoic acid

Hexadecanoic acid, methyl ester
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Octadecanoic acid

Midguts and breeding sites

Vibrio metschnikovii
Proteus sp.
Micrococcus sp.
Bacillus sp.
Exiguobacterium sp.
Comamonas sp.

An. gambiae s.s,

Attraction

(Lindh et al. 2008)

Long chain fatty acids

Octadecyl propanoate,
Heptadecyl butanoate,
Hexadecyl pentanoate,
Tetradecyl heptanoate

Anopheles stephensi

Repellence

(Sharma et al. 2009)

Conditioned water with Notonecta
maculate

n-heneicosane
n-tricosane

Culiseta longiareolata

Repellence

(Silberbush et al. 2010)

Synthetic analyses - Antennal
transcriptome profiles

2-propyl phenol
4-methylcyclohexanol

An. gambiae s.s

Attraction
Repellence

(Rinker et al. 2013)

Substrates in bold are recognized as oviposition attractants
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1.3.2. Microbial organisms as a source of volatile chemicals released from aquatic
habitats

It has long been known that infusions made of manure, grass and food pellets attract
gravid females of Cx. quinquefasciatus and Ae. aegypti to oviposition sites (O'Gower
1963; Hazard, Mayer & Savage 1967; Hwang, Kramer & Mulla 1980). In addition is has
been shown that the attraction is mediated by bacteria communities present in the
infusion (Hazard, Mayer & Savage 1967). In 1975 Ikeshoji and co-workers discovered
that bacteria of Pseudomonaceae family were responsible for production of oviposition
attractants for Ae. aegypti and Cx. molestus through metabolism of capric and pelargonic
acid previously added to the water (Maw 1970; Ikeshoji, Saito & Yano 1975).

The importance of bacteria and their volatiles in the egg laying behaviour of some
mosquito species has been corroborated in studies investigating the responses of gravid
females to odours from bacterial cultures or filtrates. For instance, Pseudomonas
aeruginosa and Bacillus cereus attracted gravid Ae. aegypti (Hasselschwert & Rockett
1988), whilst P. fluorescens and several different Bacillus species were attractive to Cx.
quinquefasciatus, Ae. aegypti and Ae. albopictus (Pavlovich & Rockett 2000; Poonam,
Paily & Balaraman 2002; Trexler et al. 2003a). In addition, indirect evidence for
microbial involvement in production of oviposition attractants has been observed by
reduction or elimination of the bacteria from test solutions (Benzon, Apperson & Clay
1988).

Again, for An. gambiae s.l. our knowledge on the involvement of microbial organisms in
the oviposition site selection is extremely poor, limited to a hand full of papers of a
restricted number of researchers implemented under artificial laboratory conditions
without sufficient replication. Sumba and co-workers showed that gravid females laid
60% more eggs on wet papers above soil and water from natural habitats (containing
bacteria and other microbes) than on wet paper above the same substrate that had been
heat sterilized (Sumba et al. 2004). Otienoburu demonstrated that Lake Victoria water,
which is one of the major sources of water in An. gambiae s.I. habitats around the shores
of Lake Victoria, increased egg numbers compared with distilled water (Otienoburu et
al. 2007). These studies two support the theory that microbials are involved in the
oviposition choice of gravid females. The specific volatiles that mediate the responses
have, in most studies, not been determined. Recently, positive responses from An.
gambiae s.s. have been shown to bacteria isolated from An. gambiae s.s. breeding sites

or their midguts. Six bacterial species stimulated a positive oviposition response (Lindh
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et al. 2008). In contrast, Huang and collaborators tested a mixture of cultured bacteria
also isolated from a natural larval habitat against bacteria-free nutrient agar and against
expectations, gravid An. gambiae s.s. females avoided the bacteria and laid eight times
more eggs in bacteria free nutrient agar than in mixed cultures of bacteria. Four bacteria
species were presented in the mixture and when tested individually, only one species,
Stenotrophomonas maltophilia, had a significant impact on the oviposition response by
significantly lowering the number of eggs laid in the presence of the bacteria compared

with bacteria-free controls (Huang et al. 2006a).

In order to test if microbial communities present in soil and water from a vibrant
Anopheles breeding site produce volatiles chemicals that mediate oviposition behaviour
in An. gambiae s.s. it is necessary to elucidate the role of microorganisms under
standardized laboratory conditions to confirm if previous results can be replicated and
under field conditions where it is expected that microbial communities are complex and

affected by a large number of water quality parameters.

1.4 Rationale

Current vector control interventions in sub-Saharan Africa are insufficient to achieve
malaria elimination in most areas due to residual transmission maintained by vectors
with a more exophilic behaviour as well as due to the increasing threat of insecticide
resistance (Ranson et al. 2011; Killeen 2014). Interventions that target outdoor vector
populations without insecticides or with insecticides not used in the indoor environment
are urgently needed to complement front-line interventions (Ferguson et al. 2010).
Understanding the oviposition site selection of the major sub-Saharan malaria vectors of
the Anopheles gambiae species complex could contribute significantly to the
development of new and improved interventions by targeting the gravid females in
search of an oviposition site and by targeting the most productive breeding sites

rationalizing larval control interventions.

In addition, the identification of oviposition cues opens the possibility of exploring new
perspectives to the control of Anopheles mosquitoes. The combination of oviposition
attractants and larvicides might also be useful for the surveillance and control of vectors
that feed outdoor. In this case gravid females would be directed to breeding sites
previously treated with a larvicide that will kill the offspring of the egg-laying female.
This “Attract and Kill” strategy provides a method of control that avoids traps becoming

breeding sites. “Push—pull” schemes could also be implemented that use repellent
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compounds to push vectors away from oviposition sites close to their hosts and attractive
compounds that would guide them to specific traps for their capture.

To date the understanding of oviposition site selection in An. gambiae s.l. is very limited
and restricted to experimental work implemented in the laboratory, mostly in small
confined cages. Whether the behaviour in the laboratory can be extrapolated to their
natural behaviour remains to be proven. In the natural environment of mosquitoes many
cues interact. For example visual and chemical stimuli are likely to interact in a way that
is unknown in the uncontrolled system. Factors like cage or cup size, different ways of
presenting the substrate and the use of different strains of colony mosquitoes may all

influence the oviposition response.

The evidence collected previously support the hypothesis that bacteria play a role in the
oviposition choice of gravid An. gambiae s.l. females. There have been however, very
few studies investigating the effect of bacteria and their volatiles on An. gambiae s.I.
oviposition responses. To date all of the studies have been performed solely on bacteria
collected from aquatic habitats containing larvae but no attempt has been made to
compare the bacterial community of aquatic habitats that contain An. gambiae s.1. larvae
with those that do not have larvae present in the water. There is no published work on
the chemical headspace emitted from habitat water versus sterilized water or even from
natural habitats that could provide evidence that chemical cues (from bacteria or in
general) are involved in the habitat selection. Therefore, the study of oviposition
behaviour in An. gambiae s.I. is fundamental to gain understanding on the ecology of
this primary malaria vector and required to understand larvae distribution and survival in
the field.

1.5 Overall aim and hypotheses
The aim of this thesis was to investigate the oviposition site selection in Anopheles
gambiae sensu lato, the major malaria vectors in sub-Saharan Africa under controlled

conditions and in field settings in Western Kenya.
The research was driven by the following hypotheses:

Hypothesis 1: Gravid An. gambiae s.l. females make choices when looking for a site to
oviposit in. Females evaluate the suitability of a habitat using chemical cues from water
bodies; these oviposition choices made by a gravid female benefit the offspring and

cannot be modified by experience in one generation.
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Hypothesis 2: Microbial communities present in soil and water from a vibrant Anopheles
breeding site produce volatiles chemicals that mediate oviposition behaviour in An.

gambiae s.s..

Hypothesis 3: Natural aquatic habitats without Anopheles gambiae s.l. larvae (controls)
differ significantly from habitats that are well colonized by early instar larvae (cases) in
their bacteria communities and in their profile of volatile chemicals released from the

water.

Hypothesis 4: Specific physical, chemical and biological characteristics of natural
aquatic habitats colonised by Anopheles larvae can be associated with the bacteria and
chemical profiles and can assist in predicting habitat selection by gravid females in

natural settings.
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Chapter 2 Habitat discrimination by
gravid Anopheles gambiae sensu lato
— a push-pull system

This paper has been published in Malaria Journal 2014,13:133

Manuela Herrera-Varela, Jenny Lindh, Steve W. Lindsay,

Ulrike Fillinger
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2.1 Abstract

Background: The non-random distribution of Anopheles larvae in natural habitats
suggests that gravid females discriminate between habitats of different quality. Whilst
physical and chemical cues used by Culex and Aedes vector mosquitoes for selecting an
oviposition site have been extensively studied, those for Anopheles remain poorly
explored. Here the habitat selection by Anopheles gambiae sensu lato (s.l.), the principal
African malaria vector, was investigated when presented with a choice of two infusions

made from rabbit food pellets, or soil.

Methods: Natural colonization and larval survival was evaluated in artificial ponds
filled randomly with either infusion. Dual-choice, egg-count bioassays evaluated the
responses of caged gravid females to (1) two- to six-day old infusions versus lake water;
(2) autoclaved versus non-autoclaved soil infusions; and assessed (3) the olfactory

memory of gravid females conditioned in pellet infusion as larvae.

Results: Wild Anopheles exclusively colonized ponds with soil infusion and avoided
those with pellet infusion. When the individual infusions were tested in comparison with
lake water, caged An. gambiae sensu stricto (s.s.) showed a dose response: females
increasingly avoided the pellet infusion with increasing infusion age (six-day versus lake
water: odds ratio (OR) 0.22; 95% confidence interval (Cl) 0.1-0.5) and showed
increasing preference to lay eggs as soil infusion age increased (six-day versus lake
water: OR 2.1; 95% CI 1.4-3.3). Larvae survived in soil infusions equally well as in lake
water but died in pellet infusions. Anopheles gambiae s.s. preferred to lay eggs in the
non-autoclaved soil (OR 2.6; 95% CI 1.8-3.7) compared with autoclaved soil. There was
no change in the avoidance of pellet infusion by individuals reared in the infusion
compared with those reared in lake water.

Conclusion: Wild and caged An. gambiae s.l. females discriminate between potential
aquatic habitats for oviposition. These choices benefit the survival of the offspring. It
could be demonstrated that the choice of habitat is mediated by chemical cues based on
both preference and avoidance. These cues, if identified, might be developed for ‘push-

pull’ strategies to improve malaria vector monitoring and control.
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2.2 Background

Selection of suitable oviposition sites is a critical step in the life history of mosquitoes
(Refsnider & Janzen 2010). This is a process whereby individuals select and occupy a
non-random set of aquatic habitats. Habitat selection is of major importance for the
interpretation of spatial and temporal distributions of populations, and for understanding
intra and inter-specific relations that influence the abundance of individuals (Morris
2003; Rejmankova et al. 2005). Organisms without any parental care are likely to
choose habitats based on a set of innate or learned cues in order to maximize the survival
and fitness of their offspring (McCall & Eaton 2001; Rejmankova et al. 2005).

Mosquitoes utilize a wide range of aquatic niches for oviposition, including natural
ponds, puddles, stream fringes, marshes, tree-holes and plant axils, man-made pits,
drains, rice fields and containers (Laird 1988). Field studies have shown that mosquitoes
are discriminating in selecting sites for egg deposition (Muirhead-Thomson 1945;
Macan 1961) and that oviposition choices made by gravid females are a key factor in
determining larval distribution (Bates 1940; Muirhead-Thomson 1940a; Muirhead-
Thomson 1940b; Wallis 1954). Although different species are found in the same type of
habitat, oviposition site selectivity is considerably species specific (Bentley & Day
1989). Immature stages of Anopheles gambiae sensu lato, the major malaria vectors in
sub-Saharan Africa, are typically described as inhabiting very small, temporary sunlit
pools and puddles without vegetation (Muirhead Thomson 1951; Gillies & De Meillon
1968; Gimnig et al. 2001; Minakawa, Sonye & Yan 2005). Reviews of the literature and
recent research on larval ecology have however, shown that this is a gross
oversimplification of the wide range of habitats colonised by this species (Holstein 1954;
Fillinger et al. 2004; Fillinger & Lindsay 2011), a fact recognised over half a century
ago by Holstein who reviewed the ‘extraordinary diversity of the breeding-places’ of An.
gambiae s.I. (Holstein 1954) . Numerous studies have described how the presence of An.
gambiae s.l. larvae (Fillinger et al. 2004; Majambere et al. 2008; Fillinger et al. 2009b;
Munga et al. 2009; Ndenga et al. 2011) and the capacity of individual habitats for
generating adult mosquitoes (Bates 1940; Muirhead-Thomson 1945; Muirhead-
Thomson 1951; Fillinger et al. 2004; Mutuku et al. 2006) differs markedly over space
and time, yet statistical analyses of these surveys failed to reveal any risk factors that
could consistently predict sites preferred by An. gambiae s.l. (Fillinger et al. 2004;
Majambere et al. 2008; Fillinger et al. 2009b; Munga et al. 2009; Ndenga et al. 2011).

This might lead to the conclusion that this species randomly deposits its eggs in a large
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range of habitats and that the heterogeneous distribution of larvae results from the
survival of larvae in the aquatic habitat (Muirhead-Thomson 1940a; Muirhead-Thomson
1940b) rather than the adults’ choice.

Surprisingly, fully gravid malaria vectors looking for suitable larval habitats have been
grossly understudied (Ferguson et al. 2010). Compared with the wealth of knowledge of
the physical and chemical factors used by gravid culicines for selecting an oviposition
site (Bentley et al. 1979; Hwang et al. 1982; Laurence & Pickett 1982; Beehler, Millar
& Mulla 1992; Millar, Chaney & Mulla 1992; Beehler, Millar & Mulla 1994; Millar et
al. 1994; Isoe et al. 1995; Isoe & Millar 1995; Mendki et al. 2000; Ganesan et al. 2006;
Ponnusamy et al. 2008a; Seenivasagan et al. 2009; Ponnusamy et al. 2010a) those
potentially used by the world’s most deadly malaria vector remain almost unexplored.
Whereas many publications recognize that the distribution of larvae between seemingly
suitable aquatic habitats is probably due to the choice of the gravid female (Bates 1940;
Kennedy 1942; Muirhead-Thomson 1945; Muirhead-Thomson 1951; McCrae 1984; Gu
et al. 2006) and that this choice probably impacts on the fitness of her offspring there is
little empirical evidence to support these assertions. Most recent research has evaluated
the characteristics of aquatic habitats associated with the presence and absence of larvae
(Gimnig et al. 2001; Fillinger et al. 2009b; Gouagna et al. 2012; Kweka et al. 2012;
Munga, Vulule & Kweka 2013) but the understanding of the behaviour of gravid female
An. gambiae s.I. when searching for an oviposition site remains, at best, sketchy (Bates
1940; McCrae 1984; Sumba et al. 2004; Huang et al. 2005; Huang et al. 2006b; Huang
et al. 2007; Lindh et al. 2008; Sumba et al. 2008; Kweka et al. 2011).

Laboratory studies demonstrated that physical conditions of the aquatic habitats
influence oviposition site selection in An. gambiae s.I. with females preferring dark
backgrounds to pale ones, muddy water to clear water and fully hydrated substrates
(Bates 1940; McCrae 1984; Huang et al. 2005; Balestrino et al. 2010). Turbidity has
been suggested as an important physical cue for oviposition behaviour in An. gambiae
s.l. although the evidence for this is contradictory (Ye-Ebiyo et al. 2003; Paaijmans et al.
2008).

Even less is known about the chemical cues and their interaction with physical factors.
Water vapour is itself an attractant to gravid mosquitoes (Okal et al. 2013). It has been
shown that gravid An. gambiae s.1. are sensitive to bacteria-derived odours (Sumba et al.
2004; Huang et al. 2006a; Lindh et al. 2008) which have been associated with increased

(Sumba et al. 2004; Lindh et al. 2008) and reduced (Huang et al. 2006a) egg numbers
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compared to sterile media in cage bioassays. Whilst over 20 putative oviposition
semiochemicals have been suggested in the literature based on the analyses of bacteria-
or habitat-derived volatile chemicals and electro-antennogram studies (Blackwell &
Johnson 2000; Lindh et al. 2008) there is no report of any inducing a behavioural
response in gravid females (increasing or decreasing the oviposition response) except for
water vapour (Okal et al. 2013).

Here the oviposition behaviour of An. gambiae s.I. was explored to test the hypotheses
that a gravid An. gambiae s.l. female evaluates the suitability of a habitat using chemical
cues from water bodies, that oviposition choices made by a gravid female benefit the

offspring and that this choice cannot be modified by experience in one generation.

Habitat selection by gravid An. gambiae s.l. was tested by presenting a choice of two
infusions; one made with soil from an area where natural habitats occur frequently, and
one made with rabbit food pellets. Rabbit food pellets are frequently used as diet for
mosquito larvae in insectaries (Haeger & Provost 1964; Rasgon 2012) and infusions
made of grass, hay and other plant material, including rabbit food pellets have shown to
be attractive to a range of mosquito species and have been used in gravid traps (Nguyen,
Su & Mulla 1999; Jackson et al. 2005a; Silver 2008; McPhatter & Debboun 2009). It
was aimed to explore whether Anopheles gambiae s.I. might also be drawn to rabbit

pellets infusion.

Natural colonization and larval survival was evaluated in artificial ponds filled randomly
with either infusion. As a consequence of field observations, two choice egg count
bioassays were used to explore the pattern of oviposition seen in the field. Experiments
were designed to address the following questions: 1) Do gravid An. gambiae s.l. females
discriminate between different habitats when searching for an oviposition site?, 2) Does
the oviposition choice benefit the survival of their offspring?, 3) Are gravid females
guided by preference and/or avoidance? 4) Are oviposition choices likely to be based on
chemical and/or physical cues? and 5) Is the choice made by a gravid female influenced

by her olfactory memory of her larval habitat?
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2.3. Methods
2.3.1. Study site

Experiments were carried out at the International Centre for Insect Physiology and
Ecology (ICIPE), Mbita, on the shores of Lake Victoria, Western Kenya (geographic
coordinates 0° 26’ 06.19” South; 34° 12’ 53.13” East; altitude 1,137 meters above sea
level). Mbita has a typical tropical climate; temperatures oscillate between 18-28 °C and
there is an annual rainfall of 1,436 mm (based on data from ICIPE meteorological
station for 2010-2012). Two rainy seasons occur annually, the long rainy season between
March and June and the short rainy season between October and December. Malaria is
endemic in the area and transmitted by three vectors, which are in order of their

abundance: An. arabiensis, An. gambiae s.s., and An. funestus (Minakawa et al. 2012).

2.3.2. Mosquitoes
Open-field trials were conducted with wild anopheline and culicine females that
oviposited in tubs of water sunk into the ground. These were colonized within three
days. Laboratory experiments were carried out with insectary-reared An. gambiae s.s.
(Mbita strain) supplied by ICIPE’s insectary and reared following standard operating
procedures. Briefly, larvae were reared in round plastic tubs (diameter 0.6 m) filled with
water from Lake Victoria and fed Tetramin® fish food twice daily. Larvae were
collected randomly from several tubs on the day of experiment. Gravid mosquitoes were
prepared by selecting 300 female and 300 male mosquitoes, two to three days old, from
their rearing cages at 12.00 h and keeping them in 30x30x30 cm netting cages at 25-
28°C and 68-75% relative humidity. To avoid mosquito desiccation, cotton towels
(folded to 25x12 cm) were saturated with tap water and placed over the cages.
Mosquitoes were starved of sugar for seven hours before blood feeding and allowed to
feed on a human arm for 15 minutes at 19.00 h on the same day. Ethical approval from
this procedure was obtained from the Observational/Interventions Research Ethics
Committee of the London School of Hygiene and Tropical Medicine (LSHTM Ethics
Ref: 8557). After feeding mosquitoes were provided with 6% glucose solution ad
libitum. A plastic vial (25 ml) with a piece of paper towel folded into a wick was used to
provide 10 ml of 6% glucose. The whole procedure was repeated 24 hours later to
ensure a high proportion of mosquitoes fully gravid. After the first blood meal unfed
female mosquitoes were removed from the cages. Fed female mosquitoes were kept
together with males for two days after the second blood meal before using them in an
experiment (i.e. females 4 - 5 days after first blood meal). In the afternoon (16.30 h) of
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the day of an experiment 45-100 (depending on experiment and availability) visually
presumed gravid females, that is with an enlarged, pale white abdomen, were selected
from the holding cage. A small proportion of these mosquitoes were probably not gravid
because most females needed two blood meals to be fully gravid and some are never
gravid even after three feeds (Gillies 1958; Lyimo & Takken 1993). Whilst two meals
were provided it could not be guaranteed that two meals were taken by all females. This
might be the reason that not all mosquitoes exposed to oviposition medium in
experiments laid eggs (responded), therefore the number of responders was smaller than

the number tested. Non-responders were excluded from the analyses.
2.3.3. Experimental procedures

2.3.3.1. Do gravid An. gambiae s.l. females discriminate between different habitats
when searching for an oviposition site?

To explore natural colonization of habitats by wild mosquitoes 20 artificial habitats were
created by implanting 20 plastic tubs (40 cm diameter 20 cm deep) into an open-sunlit
field during the long rainy season in May 2011. The tubs were placed in four lines of
five tubs each 4 m apart (Fillinger, Knols & Becker 2003). Two different substrates were
randomly offered in the artificial habitats. Half of the tubs (10) received 30 g of rabbit
food pellets (Scooby® rabbit and rodent food, Nairobi) containing hay and grains from
maize, wheat, barley, cotton, sunflower, soya bean meal, and traces of molasses,
vitamins and minerals. The remaining half of the tubs (10) received 2 kg of dry soil
taken from a field at ICIPE. Soil texture was characterized as a silty clay loam according
to the United States Department of Agriculture (USDA) texture triangle (Brown) using
the detergent method (Whiting et al.) to separate and quantify soil mineral particles of
different size. A volume of 15 L of non-chlorinated tap water pumped from Lake
Victoria, henceforth referred to as tap water, was added to each tub. The two treatments
are henceforth referred to as pellet and soil infusion. To study the oviposition response
of wild mosquitoes the tubs were monitored daily between 8.00 and 10.00 h by dipping
five times per tub with a standard dipper (350 ml). Two different dippers were used for
the two treatments to avoid contamination. Four dips were taken from the edge of the
tubs and one from the middle. The content of each dip was emptied into a white plastic
bowl and all early instars (1% and 2" stage larvae) counted and recorded for both
culicine and anopheline mosquitoes. All larvae and the water were returned to the
respective tub. The tubs were followed for 16 days. Artificial habitats were searched for

pupae and collected daily to prevent any emergence of potential disease vectors. Pupae

38



were allowed to emerge in cages in the laboratory and any anophelines emerging
identified to species using morphological keys (Gillies & De Meillon 1968; Gillies &
Coetzee 1987) and for specimens of the An. gambiae complex using the ribosomal
DNA-polymerase chain reaction (PCR) method (Scott, Brogdon & Collins 1993).

Table 2.1. Summary details of dual choice egg-count bioassays to evaluate

oviposition choices in An. gambiae s.s.

Dual choice Treatments No. of Total no. of
cage egg-count rounds | females that laid
bioassays sets (replicat | eggs for all
es) rounds (total
Control Test number
mosquitoes set
up)
Set 1: tap water tap water 66 (75)
Pellet infusions | tap water 2 day old pellet infusion 64 (75)
3

tap water 4 day old pellet infusion 67 (75)

tap water 6 day old pellet infusion 68 (75)
Set 2: tap water tap water 153 (225)
Soil infusions tap water 2 day old soil infusion 161 (225)

9

tap water 4 day old soil infusion 160 (225)

tap water 6 day old soil infusion 171 (225)
Set 3: tap water tap water 186 (220)
Vision versus tap water 6 day old soil infusion 150 (220)
olfaction in soil ) 12
infusions tap water autoclaved 6 day old soil 157 (220)

infusion

autoclaved 6 day old 169 (220)

soil infusion 6 day old soil infusion
Set 4: Tap water reared An. gambiae females
Olfactory tap water 6 day old pellet infusion 1 31 (45)
memory — pellet
infusions Pellet infusion reared An. gambiae females

tap water 6 day old pellet infusion 1 37 (45)
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2.3.3.2. Does the oviposition choice benefit the survival of their offspring?

Larval survival was assessed by introducing individual insectary-reared first instar An.
gambiae s.s. larvae in infusions collected from the tubs set up in the field. Infusion
samples were taken after 1, 6, 11 and 16 days. One hundred ml of infusion was collected
from each of the 10 tubs per treatment and pooled per treatment in a plastic bottle. Tap
water was used as a control. First instars were introduced in 100 ml plastic cups
containing 50 ml of pellet infusion, soil infusion or tap water. Twenty larvae were
exposed individually per treatment per day. Larvae were fed every second day with
finely ground Tetramin ® Baby fish food. Food was provided with a blunt toothpick that
was first wetted in tap water and then dipped quickly, not more than 1 mm deep into the
ground food, and then dipped onto the surface of the test water. Larval development was
monitored daily and the time of death or time to pupation and emergence recorded. This
experiment was implemented under ambient conditions in a semi-field system (80m?)

with screened walls and a glass roof (Knols et al. 2002).

2.3.3.3. Are gravid females guided by preferences or avoidance?
Based on the analysis of the field data a series of two-choice egg-count bioassays were
designed to investigate if the response of wild gravid females observed in the field was

based on avoidance or preference of an infusion or both.

Gravid females were selected from insectary cages and transferred individually to
30x30x30 cm cages. In each cage two glass cups (Pyrex®, 100 ml, 70 mm diameter),
surrounded by tightly fitting aluminium cylinders, so that mosquitoes could see only the
water surface, were filled with 100 ml of either the control or test medium and placed in
diagonal corners of the cage. Prior to use cups and cylinders were cleaned with
detergent, then autoclaved and kept in an oven at 200°C for at least two hours. The
position of oviposition cups containing the test medium was alternated between adjacent
cages to control for possible position effect. The placement of the first test cup was
randomly allocated for one of the four cage corners in the first cage. Subsequent test
cups were rotated in the next possible corners in a clockwise direction relative to the
position of the preceding cup. One control cup was added in each cage diagonal to the
test cup to complete a two choice set up. The experiments were carried out in makeshift
sheds (Figure 2.1) that exposed the mosquitoes to ambient light, temperature and relative
humidity but protected the cages from rain.
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Figure 2.1. Location of egg-count bioassays. A. Sheds (10 m long x 5 m wide x 2.8 m

high) with walls made of reed mats and a roof made of translucent corrugated
polycarbonate sheets. B. Interior of a shed. In each shed two tables hold up to 25

standard cages each, allowing 40 cm of space between adjacent cages.

Two sets of experiments were carried out consecutively (Table 2.1, Set 1 and 2). In the
first set oviposition choice was evaluated for 2, 4 and 6 day old pellet infusions
compared with tap water. In the second set the oviposition choice was evaluated for 2, 4
and 6 day old soil infusions compared with tap water. In both sets of experiments
internal controls were used to validate the two choice experiment. Here equal numbers
of cages were set up where both cups in a cage contained tap water and were labelled
randomly as control and test cup, assuming that gravid females lay eggs in both cups in

an equal proportion.

Infusions were prepared in a similar way as for the field tests. Fifteen litres of tap water
were either incubated with 30 g of pellets to prepare a pellet infusion or incubated with 2
kg of soil to prepare a soil infusion. Infusions were prepared in a plastic tub (40 cm
diameter 20 cm depth) 6 days, 4 days and 2 days before the day of experiment in order
to test all ages in parallel. Tubs were covered with mosquito proof netting and kept in
makeshift sheds at ambient conditions but protected from rain. Experiments were
implemented over 3-9 rounds depending on the availability of gravid females and the
response rate per round (Table 1) with fresh batches of infusions and different batches of
mosquitoes for every round. On the day of experiment infusions were sieved through a

clean piece of cotton cloth to remove large debris remaining from the pellets or soil.
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Fifteen to 25 replicate cages per treatment were set up per round. A single gravid female
was introduced per cage at 17.30 h. The next morning between 8.00- 9.00 h the absence
or presence and the number of eggs was recorded for the control and test cup in each

cage.

Turbidity, conductivity, dissolved oxygen and pH were measured in five cups per
treatment in four different batches of pellet, soil infusions, and tap water using a
turbidity meter (TURB 355IR, WTW Germany) and a multimeter (Multi 340i, WTW,
Germany). In addition one batch of pellet, soil infusion and tap water was tested for
Ammonium (NH4+), carbonate hardness, total hardness, nitrate (NOg3’), nitrite (NO3)
and phosphate (PO,%) content using Aquamerck® test kits from the compact laboratory

for water testing (Aquamerck® No0.111151, Germany).

2.3.3.4 Are oviposition choices likely to be based on chemical cues?

Soil infusions differed strongly in colour and turbidity from tap water. To assess if the
oviposition response observed was based on visual or chemical cues a third set of dual
choice egg-count bioassays were implemented with six day old soil infusions (Table 2.1,
Set 3) comparing the relative attractiveness of autoclaved and non-autoclaved infusion
(Sumba et al. 2004; Ponnusamy et al. 2011). The experiment followed the same
experimental procedures as described above. After filtering the infusion through a cloth
on the day of experiment, the infusion was split in two equal volumes and half
autoclaved at 120°C for 20 minutes to kill bacteria potentially involved in releasing
oviposition semiochemicals (Sumba et al. 2004; Ponnusamy et al. 2010b) and to reduce
the amount of volatile chemicals from the solution whilst maintaining the colour and
turbidity of the infusion. After autoclaving the infusion was left to cool to ambient
temperature before setting up the cage bioassays. The oviposition choice of individual
gravid females was evaluated for six day old soil infusion versus tap water, autoclaved
six day old soil infusion versus tap water and for autoclaved versus non-autoclaved six

days old infusion.

In order to confirm that autoclaving sterilized the infusion, samples (1 ml) of both
infusions were taken for bacterial cultures. Samples were serially diluted (tenfold) two
times in distilled water. After dilution, 100 pl of each of the x1 (undiluted), x10™" and
x107 dilutions was spread separately onto the surface of duplicate Lysogeny Broth (LB)
agar-plates (LB Lennox-Fisher Scientific) (Bertani 2004). Plates were incubated

overnight at 30°C and the presence of colonies recorded.
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The same physical and chemical parameters were measured for the autoclaved infusion

as described above for the non-autoclaved pellet and soil infusions.

2.3.3.5. Is the choice made by the gravid female influenced by her olfactory memory of
her larval habitat?

A fourth set of experiments (Table 2. 1, Set 4) was designed to assess the possibility that
a gravid female’s choice for an oviposition site might be influenced by her olfactory
memory of her larval habitat, as has been suggested for culicine species (McCall &
Eaton 2001; Kaur, Lai & Giger 2003).

To test this, approximately 2000 An. gambiae s.s. eggs were dispensed in 1.5 L of two-
day old pellet infusion and another 2000 eggs in tap water and reared under the same
conditions to the adult stage. The infusion and tap water in the rearing pans was replaced
every two days with fresh two-day-old infusion or tap water until all surviving larvae
pupated. Larvae were fed with Tetramin® fish food twice daily following routine
insectary procedures. Pupae were collected in a cup with 100 ml of rearing water and
placed in 30x30x30 cm cages for emergence. Gravid females for cage bioassays were

obtained as described above.

Dual choice cage bioassays were carried out in parallel with gravid An. gambiae s.s.
reared in the infusion and gravid An. gambiae s.s. reared in tap water. A single mosquito
was offered a choice between six-day-old pellet infusion or tap water. Forty-five

replicates were set up in parallel for both treatment groups as described above.

2.3.4. Sample size considerations

The sample size (hnumber of responders) in the four sets of cage experiments differed for
a number of reasons. Due to adverse climate conditions affecting the mosquito supply
during the pellet infusion bioassays the production of colony-reared mosquitoes was
low. Nevertheless, two-sample comparison of proportions power calculation showed that
66 responders in each arm in the pellet infusion bioassays (Table 2.1, set 1) was
sufficient to detect a 23% increase or decrease in the proportion of eggs laid in the
treatment compared with the tap water only experiment with 80% power at the 5% level
of significance. The effect of the pellet infusion observed on oviposition response was
much stronger than 23%. In the soil infusion experiments (Table 2.1, Set 2 and Set 3), a
minimum of 150 responders in each arm were analysed. This was sufficient to detect a
15% increase or decrease in the proportion of eggs laid in the treatment as compared to

the tap water only experiment at the same power and significance level. This level of
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accuracy was deemed appropriate for investigating significant behavioural cues affecting
the oviposition choice. The evaluation of olfactory memory required the mosquitoes to
be reared in pellet infusion where larval mortality was nearly 98%. Therefore, only 45
females could be tested, out of which only 31 and 37 responded in the two treatments.
(table 2.1, Set 4). The hypothesis for this experiment was that the preference of gravid
females could be changed and therefore at least double the proportion of eggs laid in
pellet infusion by infusion reared females as compared to the tap water reared females.
With 31 responders in each arm the experiment was powered (80%) to detect a change

in the proportion of 35%.

2.3.5 Statistical analyses

All data were analysed in R statistical software version 2.13.1 (R Development Core
Team 2011). The one sample proportion test function was used to estimate the 95%
confidence intervals (Cl) for the proportion of larvae surviving in pellet infusion, soil
infusion and tap water. Pupation time of larvae exposed to different treatments was
calculated using the following formula: (Ax1)+(Bx2)+(Cx3)...(Gx10)/Total number of
pupae collected, where A, B, C...G are the number of pupae collected on day 1,2,3 to 10.
Dual choice egg-count bioassays were analysed using generalized linear models (glm-
function) with a quasibinomial distribution fitted to account for the overdispersion. In
the first three sets of experiments the proportion of eggs laid in test cups in the cages
with equal treatments (tap water in both cups) were compared with the proportion of
eggs laid in test cups in cages with two different treatments. It was hypothesised that
gravid females presented with an identical treatment would lay in both cups in an
approximately equal proportion (p=0.5). The statistical analysis aimed to reveal if the
test treatment of interest (e.g. infusions of different age) received an increased or
decreased proportion of the total number of eggs laid when compared to the tap water
only treatment. Therefore, the treatment choice (e g. tap water only cages, cages with
infusion versus tap water) and the round of experiment were included as fixed factors to
analyse their impact on the outcome (proportion of eggs laid in test cup). A similar
analysis was used for the fourth set of experiments to compare the proportion of eggs
laid in test cups (pellet infusion) by gravid females that were reared in hay infusion
during their larval development compared to the proportion of eggs laid in test cups by
gravid females that were reared in tap water. The mean proportion of eggs laid in test
cups in different treatments and their 95% Cls were calculated as the exponential of the
parameter estimates for models with no intercept included. Similarly, multiple

comparisons of treatments were calculated based on the model parameter estimates.
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2.4 Results

2.4.1. Gravid An. gambiae s.I. females discriminate between habitats when
searching for an oviposition site

Mosquitoes oviposited in the artificial ponds shortly after they had been set up since
early instar larvae were found from day three and larvae hatch approximately 24-48
hours after eggs are laid. Ponds with pellet infusion were colonized exclusively and in
high densities by culicine mosquitoes. No anopheline larvae were detected over the 16
day observation period. In sharp contrast, early instar anophelines were consistently
found from day 3 to day 16 in the soil infusion ponds (Figure 2.2). Based on the pattern
of larval abundance, peak oviposition occurred 6-10 days after setting up the ponds.
Anophelines nearly always occurred in higher densities than culicines. Anopheline larval
densities are naturally relatively low, with approximately 1-3 larvae/dip in natural
habitats in the study area (Fillinger et al. 2004). In the present study an average of 10
(95% CI 5-18) early instar larvae/dip was recorded, indicating that the soil infusion

ponds were a highly favourable habitat.

All pupae collected from the artificial habitats belonged to the Anopheles gambiae
complex. PCR-based species analysis revealed that nearly all the wild An. gambiae s.1.
were An. arabiensis (98%, 49/50).
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Figure 2.2. Natural colonization of artificial habitats. Daily average of early instar

larvae in (A) Pellet infusions (B) Soil infusions.
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2.4.2. The female’s choice of oviposition site benefits the survival of her offspring
Anopheles gambiae s.s. larvae survived equally well in soil infusion and tap water
irrespective of the age of the infusion. In contrast, larvae placed in pellet infusion only
survived in the one day old infusion in similar numbers but survival was reduced by over
60% (P<0.001) in pellet infusions six days and older compared with tap water or soil
infusions of the same age (Figure 2.3). Mean pupation time for survivors did not
significantly differ between treatments or ages of the infusion and was on average 7.5
days (95% CI 6.6-8.3).
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Figure 2.3. Survival of An. gambiae s.s. larvae to the pupal stage kept in different

infusions or tap water. Error bars show 95% confidence intervals.

2.4.3. Gravid female An. gambiae s.s. show avoidances and preferences when
selecting an oviposition site

An approximately equal proportion of females laid eggs in test and control cups when a
choice of tap water in two separate cups was provided. Fewer females laid their eggs in
pellet infusion as it aged, whilst for soil infusion the opposite was the case with an
increasing proportion of females laying eggs in soil infusion as it aged.
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Similar results were seen for the proportions of eggs laid. The distribution of eggs
between tap water and two day old pellet infusion did not significantly differ from the
distribution between the two cups with tap water only. Pellet water however became
unattractive from day 4 (Figure 2.4). It was 85% less likely for an egg to be laid in the
test cup in the treatments that contained six-day-old pellet infusion versus tap water than
it was when both cups contained tap water. In contrast to the pellet infusion, larger
proportions of eggs were laid in the test cups with increasing age of the soil infusion. An
egg was more than twice as likely to be laid in the test cup in the treatments that
contained six-day-old soil infusions compared with tap water than it was when both cups
contained tap water (Figure 2.4).
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Figure 2.4. Proportion of gravid An. gambiae s.s. laying eggs in infusions of
different ages compared with control water. (A) Pellet infusion experiment (B) Soil
infusion experiment. Dark line in the middle of the boxes represents the median

response rate of the gravid females to the test cup.

On average, individual females laid 63 eggs (95% CI 60-65) (Figure 2.5) irrespective of
the experiment and treatment. Notably, 18% (95% CI 11-26%) of gravid females laid
eggs in both cups provided in a cage, a behaviour known as skip oviposition in other
mosquito species (Colton, Chadee & Severson 2003) but rarely reported for An. gambiae
s.s. (Chen, Fillinger & Yan 2006). The average number of eggs laid by skip-ovipositing
females and by females that chose only a single cup was similar. Whilst the percentage

of skip-ovipositing females was similar in all treatments with two equal tap water
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choices and in all soil infusion treatments this behaviour was affected by the pellet

infusion. Only a few An. gambiae s.s. females skip-oviposited in the four and six day old
pellet infusion treatments (6%, 95% CI 3-9%).
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Figure 2.5. Oviposition response of caged An. gambiae s.s. to pellet and soil
infusions of different incubation times and non-autoclaved and autoclaved 6 day
soil infusion. P values are given for comparisons between treatments containing lake
water in both cups with treatments that contained infusion in the test cup. Multiple
comparison of treatments for each set of experiments: Treatments denoted with the same

letter are not significantly different.

Pellet and soil infusions differed in key physical and chemical parameters. All pellet
infusions had a strong smell to the human nose, were low in turbidity and had a slightly
green colour but differed little in appearance compared with tap water in the oviposition
cups. In contrast, soil infusions did not have any smell to the human nose, were light
brown in colour and turbid, providing a strong visual contrast to the tap water. Pellet
infusions were also characterized by relatively high conductivity, low pH and oxygen

deprivation. In contrast conductivity of soil infusions was approximately half that of
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pellet infusions, was saturated with dissolved oxygen and had a higher pH (Table 2.2).
The variability of these measures between infusions of different incubation times within
a treatment group was relatively low and does not appear to explain the differences in
the behavioural responses. The only factor that changed over time was turbidity in the
soil infusion and notably the most preferred six day old infusion was less turbid than the
others.

The increased carbon and total hardness of the pellet infusion corresponded with the
increased conductivity levels and the high ammonium and phosphate levels compared
with the soil infusion (Table 2.2).

2.4.4. Chemical cues from the infusions are responsible for the oviposition choice in
cage bioassays

Since soil infusions differed in appearance from the tap water, an additional set of
experiments was carried out to evaluate whether the attractiveness of this infusion was
due to visual cues. Cage experiments with two equal choices of tap water confirmed an
equal distribution of eggs between control and test cup. Notably, when gravid females
had a choice between tap water and autoclaved soil infusion a slight avoidance of the
autoclaved infusion was observed (Figure 2.4). The autoclaving may have altered some

chemical properties of the infusion accounting for this slight repellent effect.

The oviposition preference for six day old soil infusion compared with tap water was
also confirmed in this set of experiments with nearly identical odds ratios as before of
2.2. The preference for the six day old infusion was confirmed when given a choice
between autoclaved and non-autoclaved infusions of similar colour and turbidity. The
odds of an egg being laid in the six day old infusion when provided with autoclaved
infusion of the same age as an alternative choice was approximately 40% higher (2.6)
than it was when the alternative was tap water (2.2). This increase can be explained by
the repellent effect of the autoclaved infusion which in addition to the pulling effect of
the soil infusion now adds a pushing effect of the autoclaved infusion. Nevertheless, the

difference in the two odds ratios was not significant.
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Table 2.2. Physical and chemical properties of pellet and soil infusions

Qviposition substrates in choice experiments
Pellet infusions Soil infusions
Tap Auto-
Parameter water 2 days 4 days 6 days 2 days 4 days 6 days claved
1 22 17 25 222 97 73 137
Turbidity (108-
(NTU) (0.6-1.4) | (20-23) (14-19) (20-29) | (197-248) | (92-102) | (61-84) 166)
107 477 553 543 173 207 237 266
Conductivity (105- (462- (547- (532- (203- (233- (258-
(uS/cm) 110) 491) 559) 555) (171-176) 212) 242) 274)
4 0.3 0.7 0.3 5.3 6 6.3 4.8
Dissolved (0.21-
oxygen (mg/l) | (2.7-5.3) 1.4) (0.9-1.4) | (0.2-0.4) | (5.0-5.6) (5.7-6.3) | (6.0-6.6) | (4.6-5.1)
8.1 6.3 6.7 7.4 7.7 7.9 8 8.9
pH (7.9-8.1) | (6.2-6.3) | (6.5-6.9) | (7.3-7.5) | (7.6-7.7) (7.8-7.9) | (7.9-8.0) | (8.8-8.9)
Ammonium
(mg/l) 0 5 0 0
Nitrate (mg/l) 10 10 10 10
Nitrite (mg/l) 0 0 0.025 0.025
Phosphate
(mgl/l) 0 3 1.5 1.5
Carbonate
hardness
(mmol/l) 0.1 3.9 2.7 2.5
Total hardness
(mmol/l) 0.1 1.5 0.7 0.7

Results from this set of experiments suggest that chemical cues are involved in the
oviposition responses observed. If the preference for the 6 day old soil infusion over tap
water was based on turbidity and/or colour of the infusion alone a similar response in the
choice tests with autoclaved versus non-autoclaved infusion should have been seen as in
the choice tests with tap water versus autoclaved infusion. Due to the slight repellence of
the autoclaved infusion the odds of finding an egg in the non-autoclaved six day old
infusion should have been approximately 1.3 (decreased choice for autoclaved infusion
by 30% or increased choice of fresh infusion by 30%). Nevertheless, the remaining odds
of 2.2 can only be explained by chemical cues being either involved in attracting the
female from a short distance or stimulating the female to lay eggs on contact with water.
Physical and chemical water parameters were similar for autoclaved and non-autoclaved

soil infusions. Bacteria cultures from autoclaved infusions confirmed that samples did
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not contain any bacteria that could grow on LA plates as opposed to the non-autoclaved
infusion where colonies of at least 3 different morphologies were observed.

2.4.4. The oviposition choice of the gravid female is not influenced by her olfactory

memory of her larval habitat

Rearing An. gambiae s.s. in two to four day old pellet infusion did not alter their
oviposition response towards the infusion (P=0.392). Gravid females reared in tap water
and gravid females reared in pellet infusion show an equally strong avoidance of the six

day old pellet infusion provided in choice experiments.
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Figure 2.6. Egg laying responses of An. gambiae s.s. reared in tap water or in pellet

infusion to tap water and pellet infusion.

2.5 Discussion

The results confirm that wild and caged An. gambiae s.I. females can discriminate
between potential aquatic habitats for oviposition and make clear choices when
presented with contrasting oviposition media. These choices benefit the survival of the
offspring. Although the experimental design does not allow to conclude whether the
stimuli acted over a distance (attractants and repellents (Dethier, Barton & Smith 1960))
or on contact with the oviposition medium (stimulants and deterrents (Isoe, Millar &
Beehler 1995)) it could be demonstrated that the choice of breeding site is guided by
both avoidance and preference. The exclusive way however, in which the artificial ponds

were chosen in the field, where they were set up relatively close to each other, suggest
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that these characteristics were detected by both culicines and anophelines from a
distance rather than on contact.

Muddy water has previously been suggested to increase oviposition response of gravid
An. gambiae s.s. in cages when offered together with clear water (McCrae 1984),
however here presented cage experiments could not confirm this observation. The
difference in turbidity between tap water and infusions cannot explain the avoidance and
preference observed at short range in the cages. Two day and 6 day old pellet infusions
did not differ in their turbidity but significantly differed in the oviposition response they
elicited. Similarly, all soil infusions should have elicited equally strong responses from
gravid females if turbidity was an important oviposition cue at short range. On the
contrary, the six day old soil infusion remained equally preferred for oviposition when
tested against a turbid and autoclaved infusion than when tested against clear tap water.
The results suggest that chemical and not visual cues were responsible for the responses
observed in the cage experiments. The previously published preference of muddy water
(McCrae 1984) may have been based on chemical cues associated with the muddy water
which was taken from a natural habitat. The possibility however, that visual cues played
a role in the selection of oviposition sites by wild mosquitoes in field experiments

especially when searching for water bodies from a distance cannot be entirely excluded.

It is likely that the chemical cues used by mosquitoes to avoid pellet infusions and to
prefer soil infusions were of microbial origin, which is supported by the lack of
attraction of the autoclaved soil infusion compared to clear tap water. It is most likely
that the observed oviposition choices were rooted in the water quality of the habitat and
consequently the associated microorganisms and chemicals in the water. The physical
and chemical water parameters measured for the two infusions suggest that they
represented aquatic habitats in different stages of decay. Contrary to the expectation at
the onset of the experiment, pellet infusions created a habitat type in a severe state of
decomposition. High ammonia and phosphate levels are characteristic of recently
inundated organic material (Palmer 2002). The odour of the pellet infusion is associated
with fermentation of organic material by facultative and anaerobic bacteria. This leads to
depletion of the oxygen supply and a decrease in pH as a result of accumulation of
organic acids in the water (Gerhardt 1959; Sigee 2005; Cunha et al. 2010). The soil
infusion had the characteristics of a less nutrient rich habitat containing relatively little
organic matter. This limits the removal of oxygen by aerobic heterotrophic

microorganisms and hence the water column will stay aerobic (Sigee 2005).
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Anaerobic fermentation products of organic matter have been previously shown to be
highly attractive to a number of gravid culicine species such as Culex stigmatosoma
(formerly peus) (Gerhardt 1959), Culex quingefasciatus (Kramer & Mulla 1979; Millar,
Chaney & Mulla 1992; Mboera et al. 1999; Burkett-Cadena & Mullen 2007; McPhatter
& Debboun 2009), Culex pipiens (Jackson et al. 2005a), Aedes agypti (Santana, Roque
& Eiras 2006; Ponnusamy et al. 2010b) and Aedes albopictus (Trexler, Apperson &
Schal 1998; Zhang & Lei 2008). These infusions have been associated with a range of
bacteria such as Aerobacter aerogenes, Pseudomona aeruginosa, Bacillus cereus
(Hazard, Mayer & Savage 1967; lkeshoji, Saito & Yano 1975; Hasselschwert & Rockett
1988) and volatile chemicals produced by them including 4-methylphenol, 3-
methylindole, carboxylic acids and their methyl esters (Millar, Chaney & Mulla 1992;
Allan & Kline 1995; Trexler et al. 2003a; Ponnusamy et al. 2008a). It is likely that
similar factors were responsible for the strong repellent/deterrent effect on gravid An.

gambiae s.I. females.

Most stagnant water bodies will show increasing signs of decomposition over time but
the speed and extent of this will depend largely on habitat quality (Ruppel, Setty & Wu
2004). Therefore, it is argued that habitat age or permanence alone is not a good
predictor for the oviposition response of An. gambiae s.l. as has been suggested (Munga,
Vulule & Kweka 2013). For example the content and input of organic matter, source of
water and frequency of fresh water inflow will affect the composition of the biotic
community and chemical and physical characteristics of an aquatic habitat (Palmer
2002; Ruppel, Setty & Wu 2004; Sigee 2005). This might explain why in some
environments semi-permanent and permanent habitats are just as well colonised as
temporary habitats traditionally thought to be the preferred An. gambiae s.l. habitats
(Gillies & De Meillon 1968; Fillinger et al. 2004; Minakawa et al. 2012). Habitats made
of pellet infusion were avoided by anophelines from an early habitat age, whilst
interestingly, the highest preference of the soil infusion was recorded on day six in the
laboratory and between day six and 10 in the field after the habitats were well
established, contradicting the idea that An. gambiae s.l. is a pioneer species colonizing

temporary habitats immediately after their occurrence (Gillies & De Meillon 1968).

Typically, it is reported that An. gambiae s.1., although largely a generalist, is not found
in heavily polluted waters (Symes 1940; Holstein 1954). Hancock (Hancock 1930)

further observed that An. gambiae s.l. avoided water with a low pH when it was also
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accompanied with high organic matter content. Addition of freshly cut vegetation (i.e.
grass cuttings) to aquatic habitats has also been shown to prevent the larval development
of An. gambiae s.l. [16]. The results from the experiments with pellet infusions support
these observations. On the other hand, there have been recent reports of An. gambiae s.I.
colonizing polluted habitats especially in urban areas (Awolola et al. 2007; Castro et al.
2010; Kudom, Mensah & Agyemang 2012). Clearly, the degree of avoidance or
acceptance of a polluted habitat by An. gambiae s.l. depends on the extent and nature of
pollution (Holstein 1954). Results show that two-day-old pellet infusions were not
rejected by anophelines and even four-day-old infusions still received a considerable
proportion of the oviposition responses despite their adverse water characteristics. This
supports the idea that An. gambiae s.l. has a very high tolerance level of what they
accept as oviposition sites, especially in the absence of better alternatives in close
vicinity as is often the case in urban environments and in contrast to the here presented

field experiment where good habitats were offered right next to the unfavoured ones.

Importantly, An. gambiae s.l. appears to have an innate propensity to avoid specific
chemical cues that were emitted from the pellet infusion. Rearing An. gambiae s.s. from
egg to pupae in this infusion did not alter this behaviour. Gravid females that had
experienced the pellet infusion during larval development avoided the infusion for
oviposition as much as the females that had no prior experience of it. This suggests that
the environment in which An. gambiae s.s. develop as larvae does not determine the
preferred oviposition site when they return to lay eggs. This is in contrast to published
work on Cx. quinquefasciatus where it was demonstrated that rearing the larvae in an
infusion made from guinea-pig faeces cancelled their innate preference for a hay
infusion (McCall & Eaton 2001).

The cage bioassays with individual gravid females allowed a number of interesting
observations that are rarely reported since the majority of studies with An. gambiae s.s.
have been done with groups of mosquitoes where the actual number of females laying
per cage is unknown (McCrae 1984). The occurrence of skip oviposition in gravid An.
gambiae s.s. and how this is affected by chemical cues was demonstrated. Furthermore,
the design revealed that the mean number of eggs laid per female in a cage was similar
irrespective of the experiment and treatment; only the distribution between cups differed
when two different choices were presented. This indicates that gravid females did not
retain their eggs in the presence of an unfavoured substrate when they were offered a

suitable alternative choice. It also shows that the preferred soil infusion did not stimulate
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individual females to lay more eggs than they would do in tap water. Testing individual
females also excludes potential aggregation effects. Whilst from the field experiments it
might have been possible that gravid females selected habitats that already received eggs
from conspecific females, cage bioassays with individual females showed the same
avoidance and preference behaviour than observed in the field confirming that

conspecifics alone cannot explain the observed choice.

The potential involvement of microbial activity in breaking down organic matter and
producing semiochemicals that impact on the oviposition responses of gravid An.
gambiae s.s. was deduced partly by the lack of attraction of An. gambiae s.s. to a sterile
soil infusion. This must however be interpreted with caution since autoclaving the
infusion might not only have killed the microbes but affected the chemistry of the
resulting infusion, possibly altering the response of gravid mosquitoes by chemical

changes rather than biological changes (Ponnusamy et al. 2010b).

Batch-to-batch variations were recorded in the response of gravid mosquitoes to the
infusions, resulting for example in some rounds showing a high preference and other
rounds only a moderate preference for the soil infusion. This variation can be attributed
to differences in the quality and amounts of odorants released from the infusions and
stochastic events. Fresh infusions were prepared for every test round with different
batches of pellets and soil. Especially, for the soil it is highly likely that there were
differences in the soil condition as well as differences in the species composition of the
microbial community associated with the natural materials over time. It has been
previously shown that natural infusions can be an inconsistent source of odorants for
oviposition site seeking mosquitoes and therefore every batch needs to be verified to be
behaviourally active before it can be used for subsequent experiments (Ponnusamy et al.
2010Db). Ideally, if semiochemicals were to be used for monitoring and/or controlling
gravid malaria vectors specific chemically defined oviposition cues would be preferred
over natural infusions to ensure a consistent response in gravid females either pushing
them away from human population (Seenivasagan et al. 2010; Siriporn & Mayura 2012)
or pulling them towards a gravid trap (Seenivasagan et al. 2009; Seenivasagan, Sharma
& Prakash 2012).

Whilst the observed avoidance behaviour towards the organically rich pellet infusion
was strong and in the same range as reported for other species in response to

unfavourable chemical cues (Seenivasagan et al. 2010; Siriporn & Mayura 2012;
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Tennyson et al. 2012), the observed preference in the cages for the soil infusion was
relatively weak and it is questionable whether it could compete with other suitable
habitats from a larger distance. Nevertheless, consistent response derived from over 150
replicates in two experiments represents likely a genuine effect. Further investigations
are in progress to characterize the bacteria communities associated with the infusions
and the volatile chemicals emitted from the infusions and detected by gravid An.
gambiae s.s. using gas-chromatography coupled to mass-spectrometry and coupled gas

chromatography-electroantennogram detection.

It must be cautioned that not all soils and all rabbit food pellets will lead to the same
physical and chemical parameters than the here presented infusions. Therefore the two
infusions of this study only serve as specific examples for two highly contrasting media.
Further work is needed to screen other soil samples to see if the observed response is a
response common for all soil infusions prepared under standard conditions and if the
same bacteria and chemical profiles can be detected, or, which is more likely, that there

are significant differences depending on the source of the soil.

2.6 Conclusion

This work illustrates that a gravid An. gambiae s.l. female selects a suitable habitat for
oviposition using chemical cues from water bodies. It furthermore emphasises that
natural infusions can be used to manipulate the oviposition behaviour of An. gambiae
s.l.. Soil infusions have the potential to be used to bait gravid traps for the collection of
An. gambiae s.l., although further work must be carried out to determine whether the
observed preference was based on the specific soil type tested or whether similar
responses can be achieved with any soil. The low An. gambiae s.l. catching efficacy
reported for gravid traps operationally used for Culex and Aedes monitoring might partly
be explained by the infusions routinely used in these traps i.e. fermented hay infusions,
rabbit food pellet and cow manure infusions (Lewis 1974; Lampman & Novak 1996;
Jackson et al. 2005b). The identification of the chemicals responsible for the preference
of the soil infusion might be exploited to bait gravid traps specifically for the collection

An. gambiae s.I..
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Chapter 3 Do volatile chemicals of
microbial origin from natural
Anopheles gambiae s.s.breeding site
increase oviposition responses?

Manuela Herrera-Varela, Jenny Lindh, Steve W. Lindsay,

Ulrike Fillinger
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3.1 Abstract

Background: Metabolites of bacterial origin serve as chemical cues for some Aedes and
Culex species in their selection of aquatic habitat as oviposition site. Consequently, it
has been suggested that similar cues are used by Afro-tropical malaria vectors however
the empirical evidence is limited. Here we sought to test the hypothesis that the presence
of microbial organisms in a larval habitat and the volatile chemicals they produce are

used by gravid Anopheles gambiae sensu stricto (s.s.) for habitat selection.

Methods: Egg-laying response of gravid females was compared in two choice egg-count
bioassays to (i) substrates made of distilled water and fresh soil versus distilled water
and versus sterilized soil and distilled water (sterilization was done by autoclaving in
polyethylene (PE) bags and in glass for comparison) and (ii) to fresh and sterilized water
from a natural Anopheles breeding site. Dynamic headspace collection and solid phase
micro extraction were carried out to trap volatile chemicals released from test substrates.
Gas-chromatography coupled with mass-spectrometry was used to identify volatile
compounds and to analyse any association between behavioural observations and

chemicals released from the oviposition substrates.

Results: Eight times more Anopheles gambiae s.s. females laid eggs in substrates
prepared from fresh soil when given a choice to lay in soil autoclaved in PE bags
(P<0.001). No preference was however, shown when infusions from fresh soil and soil
sterilized in glass were offered as oviposition choices (p=0.496). When offered a choice
between soil sterilized in PE bags and distilled water, seven times more females laid
eggs in distilled water (p<0.001), while the females did not show any preference for
either distilled water or infusion with soil autoclaved in glass flasks (p = 0.057). Gravid
females did not show any preference for fresh habitat water and laid equally in fresh and
sterilized water (p=0.379). Headspace analyses showed that autoclaving soil in PE bags
nearly completely removed volatiles from the headspace, whilst autoclaving in glass
added a large number of volatiles compared to the fresh sample. Similarly, micro-filtered
water contained a larger number of volatile compounds in the headspace than the fresh
water sample. Comparison of the chromatograms did not suggest that key chemicals

were removed from the sample by removing micro-organisms.

Conclusions: Whilst the volatile headspaces of oviposition substrates were modified by
the sterilization method, no evidence was found that the removal of microorganisms

changed the volatiles released from the substrates and consequently the oviposition
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response. Elimination of microorganisms from soil and water collected from a natural
Anopheles larval habitat did not affect the oviposition choice of gravid An. gambiae s.s..
However, soil substrates prepared from soil autoclaved in PE bags were avoided for

oviposition possibly due to the absence of any chemical cue released from this substrate.

3.2 Background

Knowledge of the oviposition behaviour of mosquitoes is restricted to a few species of
the genera Culex and Aedes that have been extensively studied due their important role
in arbovirus transmission (Sardelis et al. 2001; Turell et al. 2001; Goddard et al. 2002).
Gravid traps have been successfully developed for surveillance of these species that are
particularly attracted to oviposition sites with high organic matter content (Reiter 1983;
Reiter 1986; Allan & Kline 2004). Consequently, a range of fermented infusions made
from various plants were identified to attract gravid females (Gjullin, Johnson & Plapp
1965; Millar, Chaney & Mulla 1992; Allan & Kline 1995; Isoe et al. 1995; Santana,
Rogue & Eiras 2006). Evidence has been provided that volatile microbial metabolites
are the cues responsible for the attraction (Hazard, Mayer & Savage 1967; Bentley et al.
1979; Hwang, Kramer & Mulla 1980; Ponnusamy et al. 2010a).

Subsequently, it has been hypothesized that the African malaria vector Anopheles
gambiae s.l. also selects oviposition sites based on metabolites produced by microbes
living in the water or soil of a potential larval habitat. However, little data exists to
support this hypothesis (Sumba et al. 2004; Huang et al. 2006a; Lindh et al. 2008).

The first study investigating this question (Sumba et al. 2004) compared the oviposition
response in two choice cage bioassays of gravid An. gambiae s.s. females to sterile and
non-sterile substrates made from soil and water collected from a semi-permanent
Anopheles breeding site on the shores of Lake Victoria in Western Kenya. On average
mosquitoes laid 3 times more eggs in unmodified substrates than in sterilized ones. The
authors conclude “that microbial populations in breeding sites produce volatiles that
serve as semiochemicals for gravid An. gambiae” (Sumba et al. 2004). The authors
however could not restore the attractiveness towards a sterile substrate after inoculation
with bacterial suspensions isolated from the water and soil. Later, nine species of
bacteria isolated from the soil and water used in the previous study were identified
(Lindh et al. 2008). These bacterial isolates were tested individually in two choice cage
bioassays to assess the oviposition preferences of An. gambiae s.s. In these assays higher

egg numbers were reported in response to five of the nine isolates (Lindh et al. 2008).
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These two studies are to date the only published evidence that bacteria derived volatile
chemicals are involved in attracting gravid females or stimulating egg-laying in

Anopheles gambiae s.s..

When however the previous isolates from Lindh (Lindh et al. 2008) stored in glycerine
were tested recently, the original response could not be replicated, conversely some of
those previously described to induce increased egg-laying were now avoided (Lindh,
personal communication). A third study, also conducted in western Kenya (Huang et al.
2006a), tested a mixture of cultured bacteria also isolated from a natural larval habitat
against bacteria-free nutrient agar to quantify the oviposition response of An. gambiae
s.s.. Against expectation, gravid females avoided the bacteria and laid eight times more
eggs in bacteria free nutrient agar than in mixed cultures of bacteria. Four bacteria
species were presented in the mixture and when tested individually, only one species,
Stenotrophomonas maltophilia, had a significant impact on the oviposition response by
significantly lowering the number of eggs laid in the presence of the bacteria compared
with bacteria-free controls. Whilst these results support the proposition that gravid An.
gambiae s.s. females are receptive to bacteria derived volatile chemicals, it does not

provide evidence that the site selection is mediated by bacteria present in this habitat.

Based on the limited and inconsistent data available, it was sought to closely replicate
previous work to accept or reject the hypothesis that microbial communities present in
soil and water from a vibrant Anopheles breeding site produce volatiles chemicals that

mediate oviposition behaviour in An. gambiae s.S..

Two-choice cage bioassays were used to quantify the oviposition response of gravid An.
gambiae s.s. females to non-sterile and sterile substrates from a natural habitat that
contained early instar Anopheles larvae at the time of substrate collection. In addition,
substrates were tested in comparison to a control solution, distilled water. The volatile
chemical headspace was collected from all oviposition media to identify any association

between behavioural observations and chemicals released from the substrates.
Experiments were carried out to address the following questions:

1. Do gravid An. gambiae s.s. females prefer to lay eggs in substrates made from fresh
soil from a natural breeding site (containing microorganisms) compared with substrates

made from autoclaved soil or distilled water only (sterile)?
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2. Do gravid An. gambiae s.s. females prefer to lay eggs in habitat water from a natural
breeding site (non-sterile) as compared with micro-filtered water or distilled water

(sterile)?

3. Do sterile and non-sterile test substrates differ in their chemical profile of their

headspace, therefore suggesting that the removal of microbes removes oviposition cues?

4. Are the volatile chemicals released from the test substrates associated with the

oviposition response of gravid An. gambiae s.s.?

3.3 Materials and methods

3.3.1 Study site

All experiments were done at the International Centre for Insect Physiology and Ecology
(ICIPE), Mbita, on the shores of Lake Victoria, Western Kenya (geographic coordinates
0°26° 06.19” South; 34° 12° 53.13” East; 1,137 meters above sea level).

Soil and water for the experiments were collected from a semi-permanent water body,
380 m from the shores of Lake Victoria in Lwanda Nyamasare village (0°29°089”South,
34°17°848” East) 10 km northeast of ICIPE-Mbita (Figure 3.1.A.), approximately at the
same location where samples were taken for the study by Sumba (Sumba et al. 2004; U.
Fillinger, personal communication). Prior to the experiment and on every day of sample
collection it was confirmed by dipping 10 times (Standard 350 ml dipper, Clarke
Mosquito Control Products, USA) that the aquatic habitat was colonized by early instar

Anopheles larvae (>5 larvae/dip), as a proxy indicator for oviposition.

3.3.2. Preparation of soil samples

Approximately 20 kg of soil was dug up from the damp but not immersed edge of the
breeding site. The vegetation was carefully removed with a shovel and then the bare soil
layer dug up not deeper than 10 cm. The soil was then transported to ICIPE-Mbita where
it was spread on a cement floor and dried in the sun for one hour (Figure 3.1.B.). The
soil was then divided in two equal parts: 10 kg was kept in a cool and dry place (fresh
habitat soil) and the remaining 10 kg sterilized by autoclaving as described below. Fresh

soil samples were collected for every round of cage bioassays.

62



Figure 3.1. Water and soil collection and preparation of two choice tests. A.
Anopheles spp. breeding site in Lwanda Nyamasare, western Kenya. B. Drying of soil
after collection at ICIPE-Mbita C. Two autoclaving methods: lumpy soil in polyethylene
(PE) bag and macerated soil in glass flask. D. Two-choice experimental cage,
oviposition cup with filter paper to minimize the visual difference of the oviposition

substrates.

The procedures of autoclaving soil are rarely described in detail in experimental papers,
including that of Sumba et al 2004. Searching the world wide web for standard operating
procedures, most used plastic biohazard bags to autoclave soil (Razavi-darbar & Lakzian
2007). Some microbiology and phytology research papers however, reported autoclaving
soil in a thin layer spread in a glass container (Balkwill & Casida 1979; Paolillo 1984).
Both methods were used here for comparison in two sets of experiments (Figure 3.1.C.).

Method 1: Soil samples were autoclaved in Fisherbrand™ polyethylene biohazard
autoclave bags (10 kg of soil per bag) at 121°C and 1.4kg/cm? pressure for 20 minutes
(Vertical autoclave C 120L, Webeco, Germany). After sterilization, samples were

allowed to cool without opening the bag before being used to prepare oviposition media.
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Method 2: Soil samples were macerated and passed through a net (mesh 2 mm) to
achieve a homogeneous size of soil particles. Soil samples were then divided in three
equal parts and placed in three conical glass flasks of 5 L (Figure 3.1.C.). The soil was

then autoclaved in the flasks as described above.

3.3.3. Preparation of water samples

Ten litres of habitat water was collected from the surface of the habitat using a clean
plastic jar. Water was passed through a cotton cloth to remove water organisms
including mosquito larvae and poured into 5 L jerry cans before transportation to the
laboratory. Half of the sample (5 L) was used unmodified for the experiment and the
other half (5 L) sterilized by micro-filtration. Large particles were first removed by
passing the habitat water through a filter paper (Whatman no.1) with the help of a
vacuum suction pump and supernatant water was then filtered through a cellulose nitrate

membrane pore size 0.20 um (Nalgene™) filter in a sterile disposable filter unit.

In order to confirm that autoclaving and micro-filtration sterilized the media, samples of
both substrates were taken for bacterial cultures. Soil samples were moisturized with
sterile distilled water (1g in 5 ml). After homogenization, 100 pl of each substrate was
spread separately onto the surface of duplicate Lysogeny Broth (LB) agar-plates (LB
Lennox-Fisher Scientific; Bertani 2004). Additionally, 100 pl of distilled water was
spread as a control. Plates were incubated overnight at 30°C and the presence of colonies
recorded. Bacteria cultures from autoclaved soil, micro-filtered water and distilled water
confirmed that samples did not contain any bacteria that could grow on LB plates as
opposed to fresh soil where colonies of at least seven different morphologies were

observed.

Distilled water was prepared daily at the ICIPE-Mbita laboratories in the morning of the
experiments with a GFL glass water distiller (GFL Glass Mono Distiller 2208,
Germany). The raw water used for distillation was chlorinated tap water. Tap water at
ICIPE-Mbita is pumped from Lake Victoria approximately 50 m from the shore and
approximately 10 m deep into a settlement tank. From there, water goes to a treatment
tank to be chlorinated before it is pumped into a water tower for domestic and laboratory

use.
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3.3.4 Two choice egg-count bioassays

Cage bioassays were carried out under semi-field conditions in make-shift sheds (10 m
long x 5 m wide x 2.8 m high) as previously described (Herrera-Varela et al. 2014). The
cages were protected from rain but otherwise exposed to natural fluctuations of

temperature, relative humidity, wind and light.

Experiments were carried out with insectary-reared An. gambiae s.s. (Mbita strain)
supplied by ICIPE’s insectary and reared following standard operating procedures.
Gravid mosquitoes were prepared by selecting 300 female and 300 male mosquitoes,
two to three days old, from their rearing cages at 12.00 h and keeping them in 30x30x30
cm netting cages at 25-28°C and 68-75% relative humidity. To avoid mosquito
desiccation, cotton towels (folded to 25x12 cm) were saturated with unchlorinated tap
water and placed over the cages. Mosquitoes starved of sugar for seven hours were
allowed to feed on a human arm for 15 minutes at 19.00 h on the same day. After
feeding mosquitoes were provided with 6% glucose solution ad libitum. A plastic vial
(25 ml) with a piece of paper towel folded into a wick was used to provide 10 ml of 6%
glucose. This procedure was repeated the following day. After the first blood meal unfed
females were removed from the cages while fed females were kept together with an
equal number of males for 72 hours before using them in an experiment. On the day of
an experiment 150 visually presumed gravid females (enlarged, pale white abdomen)
were selected at 16.30 h from the holding cage. It has been shown (Gillies 1958; Lyimo
& Takken 1993) that most females need two blood meals to reach full gravidity and

some do not reach gravidity even after three feeds.

Females were transferred individually to 30x30x30 cm cages. In each cage two glass
cups (Pyrex®, 100 ml, 70 mm diameter), surrounded by tightly fitting aluminium
cylinders, were filled with 100 ml or 100 g of either the control or test medium and
placed in diagonal corners of the cage. A round filter paper (Whatman No. 1) was placed
on top of each cup allowing contact with the oviposition substrate. The purpose of the
aluminium collars and filter paper were to exclude visual differences between the two
test substrates (Figure 3.1. D.). Position of oviposition cups containing the test medium
was alternated between adjacent cages to control for any position effect. The placement
of the first test cup was randomly allocated for one of the four cage corners in the first
cage. Subsequent test cups were rotated in the next possible corners in a clockwise
direction relative to the position of the preceding cup. One control cup was added in

each cage diagonal to the test cup to complete a two choice set up. Each cup contained
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either 100 g of fresh habitat soil or 100 g autoclaved habitat soil or 100 ml of habitat
water or 100 ml micro-filtered habitat water, or 100 ml distilled water. Soil substrates
were moistened with 50 ml of distilled water so that a thin layer of water covered the
soil. All glassware used in the bioassays was cleaned with detergent, autoclaved at
121°C for 20 minutes and afterwards kept in a drying oven (Heraeus T5050 EK, Atlanta-
Georgia) at 200°C for at least two hours before use in an experiment.

In order to validate the two choice bioassays, cages were set up with both oviposition
cups containing equal treatments following a previously described approach (Herrera-
Varela et al. 2014). Both cups were filled with 100 ml unchlorinated-tap water. The
underlying assumption is that gravid females presented with an identical substrate in
both cups are equally likely to lay in either cup (p=0.5) but stochastic events will lead to
a certain variability of the 1:1 outcome. This is considered the baseline or reference. If
one treatment is preferred over the other treatment in the same cage, a significant
diversion from the 1:1 distribution is expected. Table 3.1 summarizes the experiements

implemented and the comparisons made in two choice bioassays.

Table 3.1. Experiments carried out with sterile and non-sterile substrates in two

choice cage bioassays

Experiments Experimental cages Rounds Number of
Control cup Test cup (Replicates) | females that laid
eggs (Total of
mosquitoes
exposed)
Baseline/Reference tap water tap water 4 153 (225)
Oviposition bioassays with soil from breeding site
Soil sterilization by sterile soil fresh soil 5 102(150)
autoclaving in PE bags sterile soil distilled water 5 101(150)
Soil sterilization by sterile soil fresh soil 4 61(120)
autoclaving in glass sterile soil distilled water 4 88(120)
Habitat soil vs. distilled | distilled water fresh soil 6 136(180)
water
Oviposition assays with water from breeding site
Habitat water vs. micro- sterile water Fresh water 4 69(100)
filtered habitat water distilled water Fresh water 4 75(100)
and distilled water distilled water | sterile water 4 70(100)
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3.3.5 Analysis of volatile organic chemicals released from oviposition substrates

Volatile organic chemicals released from the oviposition substrates were trapped by
dynamic headspace collection also referred to as air-entrainment (Agelopoulos & Pickett
1998) for aqueous and soil samples. In addition, solid phase micro extraction (SPME)
was carried out for selected soil samples. All glassware used during volatile collections
was first washed with an odourless detergent (Teepol, general purpose detergent, Teepol,
United Kingdom rinsed in water and acetone and then placed in an oven kept at 200°C

for at least two hours before use.

3.3.5.1 Dynamic headspace collections

Dynamic headspace collections were used to collect volatiles from 300 ml samples of
habitat water, sterile-filtered habitat water and distilled water. Additionally, 45 g of
sodium chloride (NaCl) were added to the samples to improve the release of volatiles
chemicals (Mozuraitis, Buda & Borg-Karlson 2010). Each sample was entrained in
duplicate. Test substrates were placed in 500 ml gas wash bottles (MF 29/3/500,
Scilabware Ltd. UK) which were tightly closed with a quick fit head (MF 27/3/13,
Scilabware Ltd. UK; Figure 4.2). Flexible polytetrafluoroethylene (PTFE) tubing (1/8”
0.D.) was connected on each of the two glass tubes; one served as inlet for purified air
and the other as outlet where the chemicals were trapped. Air was purified by passage
through an activated charcoal filter pumped at a flow rate just above 0.1 L/min. Air was
removed at 0.1 L/min through a Tenax trap. The Tenax traps were made out of 25 mg of
Tenax® TA (mesh size 60-80, Supelco™, Bellefonte, PA, USA) packed with small
amounts of glass wool (Supelco™, Bellefonte, PA, USA) to keep the Tenax in place in a
GERSTEL-Twister desorption glass liners (GERSTEL, Muelheim an der Ruhr,
Germany).

Tenax traps were conditioned before use by washing with 3-5 ml methyl tert-butyl ether
(MTBE) and placed in an oven at 50°C for >2 h for the solvent to evaporate. Volatiles
were entrained for 20 hours from each sample. Once the entrainment was completed, the
filters were sealed with PTFE tape, wrapped in aluminium foil, packed in a Teflon bag
and stored at -70°C until they were sent to the Royal Institute of Technology (KTH),
Sweden, for analysis by gas chromatography coupled to mass spectrometry (GC-MS).
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Figure 3.2. Air-entrainment system used to collect volatile compounds from
oviposition substrates. Gas-wash bottles were tilted to increase the surface area of the

aqueous substrates.

3.3.5.2 SPME-collections

In addition to the dynamic headspace collection, SPME was used to collect volatiles
from a single round of soil experiments. Duplicate collections were made from fresh
habitat soil, soil autoclaved in PE bags, soil autoclaved in glass flasks and from distilled
water. Soil samples were prepared by adding 100 g of fresh soil, or sterile soil to 200 ml
of distilled water. These samples were then transported to the Chemical Ecology
Laboratory at ICIPE, Nairobi, Kenya. Test substrates were added to 500 ml conical
flasks (Quickfit, England) which were sealed with a double piece of aluminum foil. The
aluminum foil cover was pierced with the needle of the SPME holder and the 65um
polydimethyl siloxane-divinyl benzene (PDMS-DVB) fibre (Supelco™, Bellefonte, PA,
USA) exposed to the headspace above the sample. The SPME fibers were conditioned in
the GC-injection port at 220°C for 5 min just before sampling. Volatiles were collected
for 16 hours after which they were immediately analyzed by GC-MS.

3.3.5.3 Gas chromatography coupled to mass spectrometry (GC-MS) analysis

The GC-MS system used consisted of a 7890A GC (Agilent Technologies, Santa Clara,
CA) fitted with a 30 m long HP-5MS column (Agilent Technologies) with an inner
diameter of 0.25 mm and 0.25 pm film thickness. The GC was coupled to a 5975C MS
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(Agilent Technologies) with electronic ionization at 70 eV and the ion source kept at 230
°C and the quadropole at 150 °C. Masses were scanned from 30-400.

Tenax traps were thermally desorbed in a thermal desorption unit (TDU, GERSTEL,
Muelheim and der Ruhr, Germany) initially held at 20 °C and then increased at 120 °C
/min to 250 °C, the end temperature was held for 5 minutes. The volatiles were then
transferred in splitless mode to a cooled injection system (CIS) injector fitted with a
Tenax trap (GERSTEL). The CIS injector was held at 10 °C during the TDU program
and was then heated at a rate of 12 °C/sec to 260 °C during which the volatiles were
transferred to the column. Helium was used as carrier gas with a flow of 1.2 ml/min at a
pressure of 34 psi. The temperature of the GC oven was held at 40 °C for 1 min and then
increased by 4°C/min to 260 °C and kept there for 3 minutes. Heptyl acetate (35 ng,
SAFC, Sigma-Aldrich, Steinheim, Germany) was injected as external standard with each

sample.

For SPME analysis masses were scanned from 38-550. The GC injector was kept at
250°C in a splitless mode, helium with a flow of 1.2 ml/min was used as carrier gas. The
oven temperature was held at 40 °C for 3 minutes, then programmed to increase at
5°C/min to 260°C and maintained at this temperature for 3 minutes for a total running

time of 50 minutes.

3.3.6 Data analysis

Bioassay data were analysed in R statistical software version 3.0.2 (R Development Core
Team 2011). Two choice egg-count bioassays were analysed using generalized linear
models with a quasibinomial distribution fitted to account for overdispersion. The
distribution of eggs in the baseline cages (equal substrates) representing the natural
variability in the system was compared with the distribution of eggs in experimental
cages (control-test substrates). Experiment (e g. baseline cages, habitat soil vs. distilled
water cages) and the round of assay were included as fixed factors in the model to

examine their impact on the outcome (proportion of eggs laid in the test cup).

The mean proportion of females and eggs laid in test cups in different experiments and
their 95% confidence intervals (CI) were calculated as the exponential of the parameter
estimates for models with no intercept included. Multiple comparisons of experiments

were calculated based on the model parameter estimates.

Since non-parametric tests have been used for analysis of egg-laying preferences in

previously published work (Sumba et al. 2004; Lindh et al. 2008) data were also
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analyzed using Wilcoxon signed rank test for paired samples (i.e. control cup versus test
cup from each experimental cage) for comparison and discussion of outputs.

For the comparison of volatile chemical profiles from the headspaces of substrates, the
retention parameters from the chromatograms were integrated using the Chem station
integrator and auto-integration function in Chem Station software (MSD ChemStation
E.02.01.1177). Mass spectra fragments were recorded manually for each compound
integrated. Compounds were grouped according to retention time, MS fragments, and
given a unique volatile identification number (ID). Initially, duplicate samples were
compared with each other and a volatile profile created for each sample only if
compounds were present in both duplicates. A database was created with information
about the abundance of each volatile (area of the peak) in the samples and used for
analyses. Two databases were created one for Tenax samples and one for SPME

samples.

Principal component analysis (PCA) was used to examine the relationships between
volatile chemicals and liquid oviposition substrates. PCA was performed in CANOCO5
for windows version 5 (Ter Braak & Smilauer 2012). PCA was chosen as exploratory
ordination method since data was compositional (i.e. same measurement units) and all
volatile gradients were 1.9 standard deviation units long assuming a linear response

model.

3.4 Results

3.4.1. Anopheles gambiae s.s. females do not show a preference for oviposition
substrates containing microorganisms from habitat derived soil when compared

with sterile substrates

3.4.1.1 Proportion of females responding to the soil samples

When females were presented with a choice between two identical substrates, an equal
proportion of females laid in either cup. In comparison, eight fold more Anopheles
gambiae s.s. females laid eggs in fresh soil infusion when the second choice was to lay
in sterile soil infusion that was autoclaved in PE bags (p<0.001). Importantly however,
this preference was not observed when fresh soil and soil sterilized in glass were offered
in choice tests (p=0.496) suggesting that the autoclaving method altered the substrates

differently in addition to sterilizing it.
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Figure 3.3. Box-and-Whisker plot showing the median proportion of females laying
eggs in the test substrates in two choice bioassays (control vs. test). Baseline (Lake
water as control and test), experiments including autoclaved soil in polystyrene bags and
soil autoclaved in Erlenmeyer flasks. Substrates in test cup are indicated in bold. Colours
(blue=Ilake water, brown=fresh soil, light blue=distilled water) also present the substrate

in test cup. Red line indicates no preference for either solution.

Preferred egg laying in fresh substrates could be for two reasons, the preferred substrate
attracts or stimulates the egg-laying or the avoided substrate actually repels or deters the
female. In order to investigate this, fresh soil was tested in comparison to distilled water
and the two sterile soil media were also tested in comparison to distilled water. Tests
offering a choice between fresh habitat soil and distilled water were done twice, first in
parallel to bioassays with soil sterilized in PE bags and second in parallel to bioassays
with soil sterilized in glass. The results from both were very similar, showing

unexpectedly a preference of gravid females for the distilled water over the fresh habitat
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soil (p= 0.0178, Figure 3.3). When a choice of two sterile substrates was presented
(sterilized soil versus distilled water) females strongly preferred laying in distilled water
over laying in soil sterilized in PE bags (p<0.001) whilst they showed only a weak
preference for distilled water when presented with soil sterilized in glass (p=0.057,
Figure 3.3).

3.4.1.2 Proportion of eggs laid in soil substrates

Most published work on mosquito oviposition does not analyse individual mosquitoes’
choices but rather count eggs of groups of mosquitoes as a proxy of oviposition
preference. For comparison, egg counts were also analysed here. Similar results were
found when analysing the proportion of eggs laid in test over control substrates.
Mosquitoes offered a choice of equal substrates exhibited a balance distribution of eggs
between cups. This distribution differed significantly from the distribution of eggs in
tests where a choice was given between distilled water and fresh habitat soil with a
higher proportion of eggs laid in distilled water (Figure 3.4). Significant differences in
egg distribution to the reference were also found when the choice tests include soil that
was autoclaved in PE bags. Females preferred to lay in the alternative substrate offered,
either fresh habitat soil or distilled water, with more than three quarters of the eggs laid
in those substrates (Figure 3.4). When however, the habitat soil was sterilized in glass,
only a slight preference for distilled water was detected (p=0.027). The distribution of
eggs in cages comparing autoclaved soil in glass against fresh soil did not differ from the
distribution of eggs in the reference with equal treatments. Inferences were the same
whether the data were analysed with a generalized linear model or with the non-

parametric Wilcoxon test for paired samples (Figure 3.4).
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Figure 3.4. Mean proportion of eggs laid in control and test cups in choice tests
with fresh habitat soil versus sterile soil or distilled water. Error bars present the 95%
confidence intervals of the means. Multiple comparisons of treatments based on the
generalized linear model parameter estimates: treatments with same letter are not
significantly different at 0.05 level.

3.4.2. Anopheles gambiae s.s. females do not show a preference for larval habitat
water containg microorganisms as compared with sterile water

3.4.2.1. Proportion of females responding to water samples

Gravid An. gambiae s.s. did not show any preference for either of the water substrates
tested in either of the tests, however, a slight preference for distilled water was observed

when compared with sterile habitat water (Figure 3.5)
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Figure 3.5. Box-and-Whisker plot showing the median proportion of females that
laid eggs in test substrates in two choice bioassays (control vs. test): Internal control
(equal substrates), treatments including habitat water and sterile water. Test substrates

are indicated in bold. Red line indicates 0.5 distributions.

3.4.2.2 Proportion of eggs laid in water substrates

Equal proportions of eggs were laid in sterile habitat water and fresh habitat water. A
slight preference for fresh habitat water was seen when offered in comparison with
distilled water. This difference was significant using the non-parametric test for paired
samples but not when the distribution was compared with the baseline with a generalized

linear model (Figure. 3.6).
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Figure 3.6. Mean proportion of eggs laid in control and test cups in choice tests
with fresh habitat water versus sterile habitat water or distilled water. Error bars
present the 95% confidence intervals of the means. Multiple comparisons of treatments
based on the generalized linear model parameter estimates: treatments with same letter

are not significantly different at 0.05 level.

3.4.3. The absence of volatile chemicals in the headspace of soil samples autoclaved
in PE bags is associated with the avoidance of this substrate for oviposition

Results presented below for the chemical headspace of substrates tested in the soil
bioassays are based on one round of bioassays only due to the loss of all Tenax samples
that were injected through auto-injection in a faulty GC-MS. Figure 3.7 shows the
chromatograms of the duplicate SPME collections taken from fresh habitat soil, soil
autoclaved in PE bags, soil autoclaved in glass and distilled water. The most
conspicuous result from this comparison is the absence of volatiles released from the soil

autoclaved in PE bags, which is in stark contrast to all other samples.
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Figure 3.7. Chromatograms of volatiles profiles collected with SPME from soil
substrates: A. Habitat soil, B. Soil autoclaved in PE bags, C. Soil autoclaved in glass

flasks, D. Distilled water. All substrates are presented with two separate samples.

The headspace of fresh soil contained 32 compounds of which 18 were unique to the
sample (i.e. there were not identified in any other sample), another six compounds were
shared only with the soil sample autoclaved in glass and four with distilled water. Only
four compounds were detected from soil autoclaved in PE bags and these compounds
were present in all the other substrates. Their retention time and mass spectra suggest

that they were probably contaminants from the GC column. It therefore appears that
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autoclaving in PE bags removed all compound released from the fresh soil. In contrast
autoclaving soil in glass flasks increased the number of detectable volatiles. Seventy-
three compounds were collected in the headspace above soil autoclaved in glass flask;
58 of these were unique to the sample. Eighteen compounds were detected from the
headspace of distilled water, eight of them were also detected from fresh and glass
autoclaved soil, eight others were unique to the sample. These differences in headspace
were not associated with any behavioural differences. Only the absence of volatiles from
the headspace of soil autoclaved in PE bags corresponds to a strong shift in the

oviposition behaviour of gravid females (Figure 3.3 and 3.4).

4.3.4. Headspace analysis of water substrates

Headspace analysis was implemented for three rounds of habitat water bioassays. In
total, 286 compounds were integrated of which half (144) were only detected in a single
round. For comparison of substrates only compounds that were present in at least two of
the three rounds were included in the analysis. Comparisons of the retention parameters
of the chromatograms (Figure 3.8) showed large similarities in the chemical profiles of
fresh habitat water, sterile habitat water and distilled water. Seventy volatile chemicals
were detected in the headspace of fresh habitat water and 49 (70%) were still present
when the water was micro-filtered. Fresh habitat water also shared 48 (69%) volatiles
with distilled water. All three substrates had 40 compounds (57%) in common. Micro-
filtration of habitat water increased the number of volatile chemicals released from the
headspace; a total of 99 volatile chemicals were integrated of which 35 were unique for

the micro-filtered habitat water.

Removing microorganisms from the habitat water might or might not have been
responsible for the 21 volatile chemicals that were removed from the headspace of fresh
habitat water by micro-filtration, however their removal did not lead to a significantly

reduced oviposition response.
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Figure 3.8. Chromatograms of volatiles collected by dynamic headspace collections
on Tenax traps from aquous oviposition substrates: A. Habitat water, B. Sterile

habitat water, C. Distilled water. Every chromatogram is an independent replicate.
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PCA analysis reveals that volatiles released from the oviposition substrates can explain
70% of the variability observed in the distribution of the samples. It also shows that
volatiles can be used to differentiate between habitat water, sterile water and distilled

water (Figure 3.9.1). In addition, the diversity plot shows that there is not a large

variation between individual replicates and confirms that even though chemicals present

in only one replicate were removed from the analysis consistently more chemicals were

detected in sterile water samples.
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Figure 3.9.1. Principal Component Analysis (PCA) plot of volatile profiles of water
oviposition substrates: Fresh habitat water (Habital,2,3), Sterile water (Steril 1,2,3)

and Distilled water (Distil 1,2,3).
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Figure 3.9.2. Diversity diagram of volatile chemicals. Circle sizes and labels indicate
the numbers of volatiles chemicals detected in each sample. Distance between the circles

approximates the similarity between chemical compositions.

3.5 Discussion

The presence of living microorganisms in soil and water from an Anopheles larval
habitat did not increase the oviposition response of gravid Anopheles gambiae s.s. when
compared with the same but sterilized substrate. The sterilization process affected the
chemical composition of substrates and those changes influenced the oviposition

response of gravid mosquitoes.

Sterile soil samples obtained by autoclaving in PE bags received significantly less eggs
compared with any other substrate. In contrast, sterile samples produced by autoclaving
in a glass flask received equal proportion of eggs as the fresh habitat soil. These
differences in oviposition response illustrate the impact of the autoclaving process rather
than the presence of microorganisms. Headspace analyses revealed that autoclaving in
closed PE bags removed all detectable volatiles from the sample. On the other hand
when autoclaving took place in open glass flasks the number of detectable volatiles
increased possibly due to contamination from the autoclave or due to different

breakdown products forming in the open flasks.
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Given these results it is likely that in this study gravid mosquitoes orientate to substrates
that display an array of chemicals, therefore preferences recorded towards fresh soil and
distilled water when compared with PE bag soil may have been triggered by sole
presence of chemical cues that indicate the existence of a habitat rather than its
suitability. Since the bioassay utilised cannot distinguish between deterrent and repellent
responses and knowing that only volatile chemicals could be detected with the methods
used it cannot however be excluded that non-volatile chemicals functioning as deterrents

were present in the soil samples autoclaved in PE bags.

Notably, the glass sterilized soil sample and the fresh soil sample had only a small
proportion of volatiles in common yet the oviposition response did not differ.
Furthermore, sterile distilled water was preferred by gravid females for oviposition over
fresh habitat water. Whilst volatile chemical cues might have been involved in the
oviposition site selection, these findings corroborate the conclusion that these volatiles

are not produced in situ by life microorganisms.

In the case of water samples, mosquitoes did not exhibit any preferences for fresh or
sterilised water. Analyses of the headspace of the substrates showed that they shared the
majority of volatile chemicals identified from fresh habitat water. Sterilized habitat
water however had consistently more compounds and it must be assumed that these were
added in the process of micro-filtration. Nevertheless, these compounds did not affect
the oviposition behaviour, nor did those that were removed from the sample through the
process. This and the slight preference for distilled water shows that the presence of

microorganisms was not used as oviposition cue by gravid An. gambiae s.s..

The fact that distilled water had a similar volatile profile as the fresh habitat water may
indicate that the volatile organic compounds released from distilled water are directly
related with the source of the water used for distilling. Distilled water is used as a
standard control in the majority of mosquito oviposition experiments and in similar
experiments with other organisms (Huang et al. 2007; Otienoburu et al. 2007; Panigrahi
et al. 2014) in the study of chemical ecology. Rarely is the source of distilled water
reported in scientific papers and chemical profiles of headspaces from distilled water are
usually not presented creating the impression that distilled water does not contain any
more cues than water vapour and that distilled water is a comparable medium between
studies. The quality of distilled water depends however, on the quality of the raw water
and the distilling process (GFL 2014). Hence the volatile profile of distilled water may
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be highly variable between research centres or laboratories and even show high day-to-

day variation.

The discrepancy between our findings and similar experiments previously published
(Sumba et al. 2004) could be attributed to several factors. There is an intrinsic challenge
when testing soil and water from a natural breeding site. Larval habitats are exposed to
changing climate conditions and human activity that may affect the quality of a habitat
over time. As previously shown (Herrera-Varela et al. 2014), gravid An. gambiae s.I. can
distinguish between oviposition substrates with different water quality preferring those
resembling a flourishing ecosystem with low organic matter content, low ammonium
and an aerobic water column over those that emulate a habitat in decay. However, An.
gambiae s.s. is an opportunist (Fillinger et al. 2004; Minakawa et al. 2005; Impoinvil et
al. 2008) and when choices are rare, colonizes water that might under experimental
conditions be less preferred (Awolola et al. 2007; Castro et al. 2010). Therefore it
cannot be excluded that the habitat we collected water from was not optimal, even
though it had a thriving early instar Anopheles larval population during the sampling

period.

Differences in the abiotic and biotic characteristics of the habitats tested in the two
studies might be responsible for the differences seen. Perhaps even more important
might be the difficulty in replicating the sterilization process since the previous
publication lacks a detailed protocol of the autoclaving method, which according to our
results affects the volatile chemical headspace of the substrate and consequently the
acceptability of the oviposition substrate by mosquitoes. Similarly, the source of distilled
water was not reported and the headspace of samples not analyzed. In a scenario, where
the autoclaving might have removed all the chemical volatiles and where distilled water
was used with an equally limited chemical profile, it would have been shown that the
fresh (volatile containing) soil would be preferred over the sterile (non-volatile
containing) substrate, and when the two sterile (non-volatile containing) substrates
would have been compared a 1:1 distribution of eggs would have been demonstrated as
by Sumba et al (Sumba et al. 2004). Consequently, it is likely that in previous work
volatile chemicals were responsible for the substrate selection but if they were produced
in situ by live microorganism remains unproven. This might be supported by the fact
that restoration of attractiveness of sterile substrates after inoculation with bacterial
suspensions was not achieved (Sumba et al. 2004). Not only bacteria but all

microorganisms are killed/removed by autoclaving and micro-filtration and one of the
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reasons why restoration was not achieved could have been that the oviposition cues were
generated by other microbes. Aquatic ecosystems are composed of highly diverse groups
of microbes including bacteria, microalgae, actinomycetes, fungi, and protozoa (Sigee
2005). Therefore it is not possibly to tell with this methodology if there is a particular
group or the synergistic action of several organisms that are responsible for producing
the oviposition cues if any (Huang et al. 2006a) .

3.6 Conclusion

Previous reports that substrates containing microbes from vibrant larval habitats are
preferred over the same substrates when sterilized cannot be confirmed. Elimination of
live microorganisms from soil and water collected from a natural larval habitat does not
necessarily influence the oviposition choices of gravid An. gambiae s.s. mosquitoes.
Furthermore, there is no evidence that volatiles produced in situ by these microbes are
involved in the oviposition choice. It was shown however that volatile profiles of
oviposition substrates can be modified by sterilization and the avoidance of substrates
without any volatile headspace suggest that volatile chemicals play a role in habitat
selection. Chemicals that were removed from fresh habitat soil and water by sterilizing
that might have been metabolites from live microorganisms did not affect the oviposition
choice. The remaining volatile chemicals might have been produced by microbes and
remained in the water or might have been derived from plants and other organic matter
in the habitat. Further research is required to investigate if microorganisms are involved

in habitat selection of An. gambiae s.s..
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4.1 Abstract

Background: Gravid Anopheles gambiae s.l. make informed choices when looking for a
place to lay eggs, however, the signals used by gravid females to discriminate between
aquatic habitats remain unknown. Here we investigated physical, chemical and
biological factors associated with oviposition of An. gambiae s.l. mosquitoes in Rusinga

Island, Western Kenya.

Methods: A cross-sectional survey of all aquatic habitats was done during the long rainy
season March to July 2012 to compare the characteristics of habitats colonised (cases)
and not colonized (controls) by early instar Anopheles larvae. Biotic factors evaluated
included zooplankton, invertebrate fauna and bacteria communities; abiotic factors
included, physical water parameters, nutrients and volatile chemicals released from the

water.

Results: The presence of early instar Anopheles larvae used as a proxy measure for
oviposition was highly associated with high densities of late instar Anopheles larvae
(p=0.002) and increasing turbidity (p=0.025). Aquatic habitats with turbidity > 200 NTU
were over 80% likely to be colonized by An. gambiae s.I.. In habitats with turbidity <
200 NTU the odds of being selected by gravid females increased significantly with a unit
increase of cladocerans of the family Moinidae (RR=7, 95% CI (4-11)) and emergent
vegetation (RR=1.55, 95% CI (1.02-2.37)). Conversely, the odds were reduced with a
unit increase in Naucoridae RR=0.13, 95% CI (0.09-0.20)) and fish (RR=0.33, 95% ClI
(0.22-0.50)). Chemical cues from natural habitats were highly diverse however,
preliminary analyses showed that a group of hydrocarbons were linked with habitats
colonized by early instar larvae. No evidence was found that bacteria communities were

involved in habitat selection.

Conclusion: The relationship between environmental characteristics, biotic and abiotic
factors that characterize natural oviposition sites of Anopheles gambiae s.l. in Rusinga
Island, western Kenya are intricate. Further studies are required to investigate chemical
cues released from vibrant larval habitats and their interaction with potential visual cues
like turbidity investigated. Turbidity and volatile chemicals might be potentially
exploited to attract and kill gravid females as a novel intervention for vector surveillance

and control.
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4.2 Background

The spatial distribution of Anopheles larvae in the environment depends initially on the
oviposition choices of the gravid mosquito and subsequently on the survival of the
larvae in the breeding sites (Bates 1949; Muirhead Thomson 1951; McCrae 1984;
Minakawa et al. 1999). Traditionally, breeding sites containing Anopheles larvae have
been characterized in order to determine the factors that regulate larvae abundances and
to determine factors that could be used to predict the most productive mosquito habitats
in order to design cost-effective vector control strategies targeting immature stages
(Minakawa et al. 1999; Gimnig et al. 2001; Shililu et al. 2003; Minakawa, Sonye & Yan
2005; Mwangangi et al. 2007; Muturi et al. 2008). Consequently, these studies focus
either on the late instar larvae as a proxy measure for adult productivity or do not
distinguish between early and late instars. Frequently, it is cited that An. gambiae s.lI.
prefers to breed in temporary, shallow, sunlit, bare-edged pools and puddles (WHO
1978; Mereta et al. 2013), however, there are usually only two references cited that base
their summary on a very limited set of studies (Muirhead Thomson 1951; Gillies & De
Meillon 1968). These attributes alone failed to predict the most productive habitats that
maintain malaria transmission throughout the year in many routine vector control
programs and research studies (Minakawa et al. 1999; Killeen et al. 2006; Majambere et
al. 2008).

Consequently, there has been a renewed interest in the larval ecology of afro-tropical
malaria vectors over the past 15 years. Studies set out to identify and quantify additional
physicochemical and biological factors that can regulate larvae abundance and
distributions in natural settings (Fillinger et al. 2004; Majambere et al. 2008; Fillinger et
al. 2009b; Mala & Irungu 2011; Ndenga et al. 2011; Gouagna et al. 2012; Gilbreath et
al. 2013; Mereta et al. 2013). Although most of the studies claim the importance of
environmental (i.e. pH, dissolved oxygen, water temperature, turbidity) and biological
factors (i.e. emergent vegetation, algae, invertebrate fauna) in the survival of mosquito
larvae, the strength and direction of these associations are often ambiguous (Mwangangi
et al. 2007; Muturi et al. 2008; Fillinger et al. 2009b; Kenea, Balkew & Gebre-Michael
2011; Mala & Irungu 2011; Ndenga et al. 2011; Mereta et al. 2013) . As an example, it
has been implied that the presence of carnivorous aquatic insects is always to the
detriment of Anopheles gambiae s.I. larvae populations and therefore high densities of
larvae are associated with small and temporary habitats where the risk of predation is
reduced (Muturi et al. 2008; Gouagna et al. 2012; Mereta et al. 2013; Munga, Vulule &
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Kweka 2013). However, this is not always the case. For example, increasing invertebrate
diversity has been significantly associated with the most productive breeding sites in The
Gambia (Fillinger et al. 2009b) and coleopterans of the Haliplidae family with high

abundances of Anopheles larvae in rice ecosystems in Kenya (Muturi et al. 2008).

The impact of different environmental and biological factors on the oviposition site
selection of gravid Anopheles gambiae s.I. has not been systematically explored under
natural field conditions, which might in part be because of the difficulty to sample single
eggs of Anopheles mosquitoes in the field and in part because although choices can be
seen based on the presence or absence of larvae the mechanisms underlying those
choices are often intelligible (Bates 1949). In the case of the members of the Anopheles
gambiae species complex, very few field studies have been carried out to detect their
oviposition preferences. Early in the 1950s Muirhead-Thompson established that gravid
An. gambiae s.I. was not deterred from egg-laying in shaded habitats covered by a
horizontal screen located above the surface of the habitat. Furthermore, he also observed
that An. gambiae s.I. avoided laying eggs in brackish water collected from sub-littoral
areas of Nigeria and Sierra Leone (Muirhead Thomson 1951). Apart from these studies
all what we know about oviposition behaviour in An. gambiae s.l. has been drawn from

laboratory experiments performed in small cage settings.

It has been hypothesized that oviposition behaviour alike host seeking is governed by an
ample sort of physical and chemical cues that guide gravid females in the process of
searching, selecting and laying of their eggs in a suitable aquatic habitat (Bentley & Day
1989; Clements 1999; Takken & Knols 1999). Caged Anopheles gambiae s.l. responds
to physical cues like light contrast and brightness and have been shown under some
circumstances to prefer laying eggs on dark backgrounds rather than in pale ones.
Darkening the bottom of a dish could increase egg laying up to three fold (McCrae 1984;
Huang et al. 2007). Furthermore, gravid females lay more eggs in muddy water and
water from breeding sites than tap or distilled water in choice tests in small cages
(McCrae 1984; Sumba et al. 2004; Huang et al. 2005). It has been suggested that
preferences could be related to microorganisms present in the water or volatile organic
compounds released from the water substrates (Sumba et al. 2004; Lindh et al. 2008). In
the case of chemical cues it has been demonstrated that caged gravid females are
receptive to water vapour (Okal et al. 2013), bacteria-derived odours (Sumba et al. 2004;
Huang et al. 2006a; Lindh et al. 2008) and predator-released kairomones (Warburg et al.

2011). Whilst over 20 putative oviposition semiochemicals have been suggested in the
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literature (Blackwell & Johnson 2000; Lindh et al. 2008) there is only one report (Rinker
et al. 2013) of two chemicals inducing a behavioural response in caged An. gambiae s.s.
gravid females (one increasing and one decreasing the oviposition response). Although
these controlled experiments have given important insights on An. gambiae s.l.
oviposition preferences it remains to be proven if these responses can be extrapolated
from the laboratory to the natural ecosystems where visual and chemical stimuli are

likely to interact in a way that is unknown in the uncontrolled systems (Clements 1999).

To date all studies involving substrates from breeding sites (i.e. bacteria, water, mud)
have been performed solely on samples collected from aquatic habitats containing larvae
but no attempt has been made to compare natural habitat characteristics of habitats that
are colonized by early instar An. gambiae s.l. larvae (as a proxy measure for recent
oviposition events) with those that do not contain early instar larvae. More importantly,
although bacteria and volatile chemicals have been implicated as being responsible for
habitat choice under controlled conditions (Sumba et al 2004) bacteria and chemical
profiles have never been analysed and compared for natural habitats to verify the

hypothesis.

Here | test the following hypotheses:

(1) Natural aquatic habitats without Anopheles gambiae s.I. larvae (controls) differ
significantly from habitats that are well colonized by early instar larvae (cases) in
their bacteria communities and in their profile of volatile chemicals released from
the water.

(2) Specific physical, chemical and biological characteristics of these habitats
colonised by Anopheles larvae can be associated with the bacteria and chemical

profiles and can assist in predicting habitat selection by gravid females.

To test these hypotheses | aimed to comprehensively characterize aquatic habitats with
high abundance of early instar Anopheles larvae and aquatic habitats without early instar
Anopheles. Specifically, | aimed to determine environmental attributes, water chemistry,

vertebrate fauna, zooplankton, bacterial communities and chemical profiles.
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4.3 Material and Methods

4.3.1. Study area

Larval habitat surveys were implemented on Rusinga Island, Lake Victoria, Western
Kenya (0°35'-0°44' South; 34°11'-34°22" East; altitude 1,100 m) during the long rainy
season from March to July 2012.

Rusinga is the second largest island in Lake Victoria. Since 1983 it has been connected
to the mainland through an approximately 200 m long and 40 m wide causeway (Figure
4.1). It has an area of 42 km?and approximately 24,000 inhabitants. Fishing and small
scale farming of maize, millet and animal husbandry are the main economic activities
(Weckenbrock & Oldesloe 2005; Kaneko, Mushinzimana & Karama 2007).

Rusinga Island has a rocky and hilly terrain of volcanic origin with scarce vegetation
cover. There are several seasonal rivers that contain water only during the rainy season
so the lake is the main source of water for the human population and livestock. Two
rainy seasons are typically described for the area, the main rainy season between March
and June and the short rainy season between October and December (Opiyo et al. 2007).
Malaria is endemic in the area but transmission intensity fluctuates seasonally having the
main peak at the end of the long rainy season. Immature stages of mosquitoes have been
found in a variety of natural and man-made breeding sites several of which occur near to
human settlements (Fillinger et al. 2004; Mukabana et al. 2006). The three major
African malaria vectors occur in the area; in the order of abundance these are Anopheles

arabiensis, Anopheles gambiae s.s. and Anopheles funestus (Minakawa et al. 2012).

Google eaith

Figure 4.1. Study area A) Lake Victoria Region, East Africa; Yellow dot = Location
of Rusinga Island, Kenya B) Map of Rusinga Island showing the 8 administrative
zones and the distribution of habitats not colonized (controls=blue dots) and
colonized by Anopheles larvae (cases=red dots).
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4.3.2. Larval habitat mapping

In order to identify factors associated with the presence of early Anopheles larvae a case-
control approach was used to compare biological, physical and chemical characteristics
of aquatic habitats highly colonized by early instar Anopheles larvae (cases) with
habitats without early instars (controls). Larval surveys were done three days a week
from March to July. Every sampling day another location on the island was surveyed. In
a previous study (Mukabana et al. 2006; Opiyo et al. 2007) Rusinga Island was divided
into eight administrative zones (Figure 4.1 B.). Each zone was further divided in six sub-
zones consisting of two villages and larval surveys were implemented regularly by local
community members from each sub-zone (Malaria Surveillance Team (MST)). These
community members were mobilized for this study to assist in mapping of all aquatic
habitats per sub-zone per day. The sub-zones that were to be visited during one week
were randomly selected from the list of all sub-zones a week prior to the surveys using a
random-number generator. Each sub-zone was only visited once, all sub-zones had been
surveyed at the end of the study. With help of the MST all aquatic habitats in a sub-zone
were located in the morning and their position recorded using a Global Positioning
System, GPS (GPS 12XL, Garmin, 15 meters accuracy, Schaffhausen - Switzerland).
Every habitat received a unique identification number.

4.3.3. Sweep-net method for habitat sampling

Habitats were sampled using the sweep-net method (Silver 2008; Ndenga et al. 2011).
This method was considered better than the more commonly used dipping method since
it provides data on diversity and abundance (numbers per surface area) of the majority of
aquatic invertebrates and is more effective in collecting early instars and pupae of
mosquitoes since a larger surface area and volume of water is sampled in much shorter
time (De Klerk & Wepener 2011). The sweep net was made of a cotton cloth, 30 cm
wide, 15 cm high and 40 cm long fixed on a 150 cm long handle. In order to invest a
similar collection effort in small and large habitats, the method was first calibrated by
sampling twenty-nine habitats from three different subzones. Ten sweeps were taken
from each habitat. The net was submerged at an angle of 45° at the margin of the habitat
and the habitat swept 1 m in length. The content of every sweep was kept separately in a
white tray and the number of early (1% and 2™ instar) and late (3" and 4™ instar)
Anopheles larvae counted. The area of every habitat was measured and used to estimate

the minimum sampling effort (number of sweeps) required per square meters until no
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mosquito larva was caught in a sweep anymore. Two to three sweeps were sufficient to
collect all larvae per square meter. Consequently, habitats <Im? were swept three times.
TWo sweeps per square meter were done in habitats with an area between 1 and 20 m?.
When a habitat was bigger, a 20m? section was purposely selected (highest probability of

finding larvae) and 40 sweeps taken.

4.3.4. Selection of cases and controls

Every aquatic habitat identified during the mapping was measured for its size and
sampled using the sweep-net method described above. The content of each sweep was
emptied in a white tray and the number of early and late instar Anopheles and culicines
were counted. Other invertebrates present in the net content were also counted and
determined in order, suborder or family level as follow: Odonata (Zygoptera and
Anysoptera), Ephemeroptera, Coleoptera (adult and larvae stages counted separately).
Heteroptera (Notonectidae, Naucoridae, Nepidae). Fish and tadpoles were also recorded.
After completing the count, all 4™ instar Anopheles larvae where collected in ethanol for
molecular identification of the members of the An. gambiae species complex using
polymerase chain reactions PCR (Scott, Brogdon & Collins 1993). The remaining

content of the trays was returned into the habitat.

A habitat was eligible to be a case if >20 early instar Anopheles larvae were sampled
from a habitat. A habitat was eligible to be a control if no Anopheles larvae were
collected from the habitat. Habitats with more than 1 and less than 20 early Anopheles
larvae were designated as intermediate and were not eligible for random selection and

further characterisation.

Once all the habitats of a subzone were surveyed, a maximum of two cases and two
controls were randomly selected (lottery by drawing a slip of numbered paper) in order
to carry out more intensive habitats surveys and to collect samples to analyze

zooplankton, bacteria communities and volatile chemical profiles.
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4.3.5. Characterization of cases and control habitats

Each aquatic habitat was classified into one of six habitat types: Swamp, puddle, fish
pond, cemented-lined pit, burrow pit or drainage (Figure 4.2). These categories represent
the diversity of aquatic habitats within the study area (Fillinger et al. 2004; Minakawa et
al. 2012).

Figure 4.2. Common aquatic habitat types recorded on Rusinga Island. A) Swamp:
Area along the lake shore where water is permanent to semi-permanent. Vegetation is
often characterized by tall grasses (reeds) and/or floating plants. B) Puddle: Natural and
shallow depression (less than 0.5 m deep) that collects rainwater. C) Fish pond: Large
man-made pool (>1m deep, >5m long and wide) used for fish farming. D) Cement-lined
pit: Pit serving as water reservoir in building sites. E) Borrow pits: Man-made holes in
any ground (for taking soil, for getting stones, for building a pit latrine), that can collect
rain water or be filled by ground water. F) Drainage: Long narrow excavation in the

earth for carrying off excess water or sewage.

Data on size (perimeter), soil type (sand, loam, clay, artificial), water origin (rain, lake,
ground), land cover (floodplain of the lake, agricultural fields, compound/bush),
presence of floating vegetation (e.g. Eichornia spp., Lemna spp.) and presence of algae
film on the surface or any other debris were recorded for every habitat. The proportion
of habitat covered with emergent vegetation on the surface and on the edge and the
proportion of shade were visually estimated. Water depth was measured with a wooden
meter at the centre of the habitat when possible and for larger habitats at several points
and averaged. Distances to the nearest house and to the lake were measured using the
GPS trekking function.
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Conductivity, pH, dissolved oxygen and water temperature were recorded with a
multimeter (Multi 340i, WTW Germany). Turbidity was measured with a turbidity meter
(TURB 355IR, WTW Germany).

Habitat water was tested for ammonium (NH4+), carbonate hardness, total hardness,
nitrate (NO3-), nitrite (NO2-), and phosphate (PO4 3—) content using Aquamerck® test
kits from the compact laboratory for water testing (Aquamerck®No0.111151, Germany).

Water samples for bacteria and chemical headspace analyses were collected as follows.
First four sub-samples of water of approximately 350 ml were taken in different depths
of the habitat using a standard dipper (350 ml dipper, Clarke Mosquito Control Products,
USA), two on the ground and two on the surface ensuring that different sections of the
habitat are represented (i.e. shade/no shade, vegetation/no vegetation). The sub-samples
were sieved with a clean cotton cloth and mixed gently in a plastic basin that was
washed several times before with habitat water. From the mixed sample, 100 ml of water
were collected in two new sterile Falcon™ type tubes (50 ml) to carry out DNA bacteria
analysis; 250 ml of water were collect in wide mouth polypropylene bottles (250 ml) for
collection of the chemical headspace (Agelopoulos & Pickett 1998) and 50 ml of water
was taken in an amber polyethylene terephthalate (PTE) tube (50 ml) with a Teflon lid to
determine the biological oxygen consumption (BOC) for every habitat. All samples were
placed in a cooler box and transferred to the laboratory facilities at ICIPE, Thomas
Odhiambo Campus (ICIPE-TOC) located 2-9 km from the sampling sites. Water
samples for bacteria analyses were stored at -70°C freezer (C340 New Brunswick
Scientific, USA) until use. Water samples for chemical headspace analyses were
prepared for volatile trapping by adding 37.5 g of NaCl to each sample (Mozuraitis,
Buda & Borg-Karlson 2010). The bottles were completely full and did not contain any
air. They were tightly closed and sent to the Chemical Ecology Laboratory at ICIPE-
Nairobi on the day of sampling and analyzed within 16 hours of sampling. BOC was
estimated by subtracting the dissolved oxygen content measured in day 5 post sampling
from dissolved oxygen content measured in day zero (sampling day).

Water samples for identification of zooplankton were taken according to the size of the
habitat: 2 L for water bodies >10 m? 1 L for water bodies between 1-10 m?and 0.5 L for
water bodies <1 m?. Water was collected with a standard dipper (350 ml dipper, Clarke
Mosquito Control Products, USA) from different spots of the habitat and passed through
a sieve with a 50 um mesh size. Organisms in the sieve were washed with 70% ethanol

into a sampling glass (20 ml). Samples were protected against UV radiation in a cooler
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box and transported to the laboratory for further identification. Samples were stored at
room temperature until the organisms were counted and classified under the microscope
(Zeiss, Germany) to family level for Cladocera, Suborder for Copepoda and Class for
Ostracoda (Edmondson 1959; Witty 2004).

4.3.6 Bacteria community analysis

DNA extraction, amplification and purification: Water sample (50 ml) duplicates were
thawed at room temperature and centrifuged at 4000 g for 30 min at 6°C. The resulting
pellet was transferred into a 1.5 ml eppendorf tube and the total nucleic acid was
extracted using the protocol supplied with the DNeasy® Blood & Tissue Kit (Qiagen,
Hilden — Germany). Crude DNA was used as a template to amplify the 16S rDNA
region with universal bacteria primers 968f gc: (5° CGC CCG CCG CGC GCG GCG
GGC GGG GCG GGG GCA CGG GGG GAA CGC GAA GAA CCT TAC 3°) and
1401r: (5> CGG TGT GTA CAA GAC CC 3’). DNA extracted from water samples was
amplified using Ready-To-Go PCR beads (GE healthcare, Little Chalfont - United
Kingdom) 1ul of each primer (10 pmol/ul), 1ul of DNA template and nuclease free
water (Bioline, London, United Kingdom) were added to achieve a final reaction volume
of 25ul. After an initial denaturation of double stranded DNA for 5 minutes at 94°C, the
following protocol was used: denaturation at 94°C for 30 seconds, touchdown annealing
58-48°C (decreasing in 1°C /cycle) for 30 seconds, extension 72°C for 30 seconds ; 20
cycles consisting of denaturation 30 seconds at 94°C, annealing 30 seconds at 50°C,
extension 30 seconds at 72°C; and final extension 72°C for 5 minutes. In order to
concentrate the samples, two PCR reactions (each 25 pl) were carried out per sample,
pooled and purified in a final volume of 10 ul using a MinElute® PCR Purification Kit
(Qiagen, Hilden — Germany). PCR products were separated by electrophoresis in a 1.5%
agarose gel stained by ethidium bromide. Amplicon sizes were determined by
comparison to the molecular weight provided by Hyperladder™ V (Bioline, London-
United Kingdom).

Denaturing Gradient Gel Electrophoresis (DGGE): PCR products and DNA ladders
were analyzed using a Dcode™ Universal Mutation Detection System (Bio-Rad,
Hercules, CA - USA). The DNA fragments were separated on a polyacrylamide gel with
8% (wt/vol) acrylamide, containing a linear gradient of denaturant that ranges from 30%
to 60% (with 100% denatured defined as 7M Urea plus 40% formamide).
Approximately, 10 pl of PCR product from each sample were loaded in a separate well
of a DGGE gel. The gel ran at 70V for 16.5 h and 60°C. After completion of
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electrophoresis, gels were incubated for 90 minutes shaking at 60 rpm in a staining
solution containing 3X GelRed™ in 0.IM NaCl. Digital photos were obtained
immediately after staining in an InGenius LHR (Syngene, Cambridge, United

Kingdom).

PCR products of cases and controls were grouped according to the habitat type and were
run simultaneously on the same gel. Hyperladder™ V (Bioline, London-United
Kingdom) was run in parallel with the samples and was used as a reference lane to

estimate molecular weights (MW) and to construct the intensity profile of each lane.

Analysis of DGGE gel images: Gel images were analyzed using Image Lab™ software
version 5.1(Bio-Rad Lab, Hercules, CA - USA) to calculate bacteria abundance and
diversity of each aquatic habitat. Initially lanes and bands were detected automatically
by the software, and then the sensitivity of each lane and additional bands were assessed
and edited manually. Hyperladder V was selected as the reference lane and it was used
by the software to calculate the molecular weights (positions) for each band. Band
number two (300pb) in the hyperladder V was also selected as the reference band to
calculate the relative quantity of each band. Data were exported to an Excel spreadsheet
and sorted according to molecular weights. Bands with the same molecular weight were
assigned a unique band number. Every analysis was done separately for every gel.
Information regarding habitat type, habitat ID and habitat status (case/control) was also
added in the database.

Each band was considered an operational taxonomic unit (OTU). Banding patterns of
each gel were analyzed to assess bacterial species diversity as described by Ponnusamy
et al.(Ponnusamy et al. 2008b).

Diversity of bacterial species: The relative quantity data were used to calculate Shannon-

Weaver diversity indices (H’):
’= - "PiLogPi

ni = OTU intensity (relative quantity) for ith band, N = Summed intensities of all OTUs
in a lane, Pi = Propotion of total diversity represented by the ith species (OTUS) Pi =
ni/N

Evenness index (E) was estimated for the number of bacterial species in each lane as

follow
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E = H’/LogS
S = Number of DGGE OTUs in each lane.

4.3.7. Chemical headspace analysis

Volatile organic compounds released from the habitat water were trapped by solid phase
micro extraction (SPME). Trapping was done in parallel for cases and controls collected
on the same date. In addition the chemical headspace was collected from a bottle
containing distilled water, stored and transported the same way as the field samples and

from an empty bottle that served as control for background volatiles.

Water samples were added into 500 ml conical flasks (Quickfit, England) which were
covered with a double piece of aluminum foil. The aluminum foil cover was pierced
with the needle of the SPME holder and the 65um polydimethylsiloxane /
divinylbenzene (PDMS-DVB) fiber (Supelco™, Bellefonte, PA, USA) exposed to the
headspace above the sample. The SPME fibers were conditioned in the GC-injection
port at 220°C for 5 minutes just before sampling. Volatiles were collected for 16 hours
after which they were immediately analyzed by gas chromatography coupled to mass
spectrometry (GC-MS).

Compounds trapped on SPME fibres were analysed on a GC-MS system comprising a
7890A GC (Agilent Technologies, Santa Clara, CA) fitted with a 30 m HP-5MS column
(Agilent Technologies) with an inner diameter of 0.25 mm and 0.25 pm film thickness.
The GC was coupled to a 5975C MS (Agilent Technologies) with electronic ionization
at 70 eV and the ion source kept at 230°C and the quadropole at 150°C. Masses were
scanned from 38-550. The GC injector was kept at 250°C in a splitless mode, helium
with a flow of 1.2 ml/min was used as carrier gas. The oven temperature was held at
40°C for 3 minutes, then programmed to increase at 5°C/min to 260°C and maintained at

this temperature for 3 minutes for a total running time of 50 minutes.

For the comparison of volatile chemical profiles from the headspaces of aquatic habitats,
the retention parameters from the chromatograms were integrated using the Chem
station integrator and auto-integration function in Chem Station software (MSD
ChemStation E.02.01.1177). Mass spectra fragments were recorded manually for each
compound integrated. Compounds were grouped according to retention time, MS

fragments, and given a unique volatile identification number (ID). A database was

97



created with information about the abundance of each volatile (area of the peak) in the
samples and used for analyses.

4.3.8 Data analyses

Generalized linear models (GLM) with a negative binomial distribution were used to
estimate means and 95% confidence intervals for each factor measured in the cases and
control groups. Factor that differed significantly between cases and controls were further
included in a predictive GLM to evaluate their impact on the presence of early instar
Anopheles larvae. Analyses were performed in SPSS statistical software version 20.

Principal component analyses (PCA) were used to explore possible associations of
bacteria communities, chemical profiles and case and control habitats in reduced
dimension plots. This analysis allows to visualize the data without constraint of an initial
hypothesis concerning the relationships between bacteria, volatile chemicals and aquatic
habitats either control or case.

Bacteria and chemical profiles were only analysed for 60 habitats which presented the
extreme ends of the cases and controls in terms of early instar larval abundance. The 30
cases with the highest early instar larval abundance (>43 early instar larvae per m?) were
selected for analyses. These were compared with 30 controls that were randomly
selected (Random Sorter in Microsoft Excel) from the controls. Bacteria communities’
analyses were carried out separately for every habitat type. In each analysis relative
densities of OTUs were centred and standardized. For volatile chemical analyses data
were centred and standardized by relative amount of volatile chemical. PCA was chosen
in all ordination analyses given that all data were compositional and gradient lengths
were less than three standard deviation units long. PCA was performed in CANOCO 5

for windows version 5 (Ter Braak & Smilauer 2012).

4.4 Results

In total 219 habitats were sampled across the eight zones of Rusinga Island during the
long rainy season of 2012. Of those 44 habitats were included in the analyses as controls
and 72 as cases. One hundred and three intermediate habitats with more than 1 but less
than 20 early Anopheles larvae were excluded from the analyses. All specimens that

amplified during PCR mosquito identification (168/182) were An. arabiensis.

Presence of aquatic habitats colonized and not colonized by Anopheles larvae was

strongly influenced by rainfall. At the onset of the rainy season aquatic habitats were
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scarce and only a small fraction was positive for Anopheles larvae. In addition, habitats
were colonized in low density which is evidenced by the high proportion of intermediate
habitats found. As soon as the rains progressed the number of larval habitats increased
and also the density of early instar larvae per habitat leaving very few habitats free of
mosquito larvae during between early June and early July. The number of aquatic
habitats without Anopheles larvae increased again at the end of July following a month
without rain (Figure 4.3).
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Figure 4.3. Frequency of occurrence of controls and cases during sampling dates

and their relation with rainfall.

4.4.1 Differences in environmental and biological factors between control and case
habitats

Initially, modelled means and 95% confidence intervals (Cls) were calculated for every
factor measured during the habitat surveys and compared between control and case
habitats. Ten characteristics differed significantly in their means between these two
groups (Table 4.1) and were used to construct a predictive multivariate model that could
explain the differences in mosquito colonization between the two groups. Out of ten
factors included in the model only the abundance of late instar Anopheles larvae and
turbidity remained significantly associated with the presence of early instar Anopheles
larvae (Table 4.1).
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Oviposition (as expressed by high numbers of early instar Anopheles in cases) was
strongly and positively associated with the abundance of conspecific late instars. One
unit increase in late instar larvae increased the odds of an aquatic habitat being a case
four times (Table 4.1).

Table 4.1 Differences of biological and environmental factors

between control and case habitats

Factor Means Odds ratio® GLM
(95% CI) (95% CI) P-value
Controls Cases
Anopheles late/ m*>  0.24 (0.18-0.32)  7.17 (5.69-9.04) | 4.078 (1.683-9.880) 0.002
Naucoridae/m? 1.50(1.12-2.02) 0.31(0.25-0.39) | 0.760 (0.300-1.926) 0.563
Coleoptera adults/m? ~ 1.14 (0.85-1.53)  2.32 (1.84-2.92) | 1.227 (0.951-1.584) 0.116
Fish/m? 1.19 (0.89-1.60)  0.31(0.24-0.38) | 0.882 (0.607-1.281) 0.509
Cyclopoida/L 74.8 (55.7-100) 189 (150-238) | 0.998 (0.994-1.002) 0.407
Nauplius/L 280 (208-376) 620 (492-781) | 1.000 (0.999-1001) 0.629
Moinidae/L 2.48(1.85-3.34) 149 (118-187) 1.011 (0.981-1.042) 0.479
Turbidity (NTU) 56.2 (41.8-75.6) 205 (163-259) | 1.005 (1.001-1.010) 0.025
Ammonium (mg/L)  0.20 (0.15-0.27)  0.06 (0.05-0.08) | 0.312 (0.029-3.399) 0.339
Nitrite (mg/L)" 0.01 (0.01-0.02)  0.04 (0.03-0.04) - -
“output of the multivariate GLM modeling the probability of a habitat being a case based

on the listed explanatory variables
"Nitrite is a redundant parameter excluded from the model. Only 16% of the habitats had
a value different from zero for nitrites.

Turbidity was the only environmental factor associated with the presence of Anopheles
mosquitoes, every unit (NTU) increase in turbidity augmented the probability of a
habitat to be colonized by Anopheles gambiae s.l. by 0.4 % (Table 4.1). Exploratory data
analysis (Figure 4.4) showed that if turbidity of a habitat was > 200 NTU the habitat was
most likely a case (22 cases/26 habitats >200 NTU). Only four habitats measured >200
NTU were not colonised by mosquitoes; these water bodies had exceptionally high
coverage of vegetation, one of them had a complete surface layer of floating duck weed
(Lemna sp.). Consequently, the turbid surface of the water may have not been visible (or
otherwise detectable) for the gravid females or the unfavourable environmental
conditions might have overwritten the preference for high turbidity.
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Ninety habitats exhibited turbidity < 200 NTU and of those 55% (50/90) were colonised
by Anopheles.
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Figure 4.4. Box-and-Whisker plots showing the median tubidity and interquartile

range for control and case habitats. Red line at 200 NTU.
Based on this results two major questions arose:

(1) What differences other than turbidity exist between habitats with < 200 NTU
turbidity (henceforth called clear habitats) and habitats with >200 NTU turbidity

(henceforth called turbid habitats) that are colonized by Anopheles mosquitoes (cases)?

(2) Are there any differences between clear habitat controls and clear habitat cases that
might explain why these habitats have been chosen or not chosen for oviposition by An.

gambiae s.I.?

To explore these questions the habitat data were divided in three groups according to
turbidity levels: clear controls (n=40), clear cases (n=50) and turbid cases (n=22). The
four control habitats with >200 NTU were excluded from the analysis.
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4.4.2 Differences between clear and turbid case habitats

Clear and turbid case habitats were equally chosen for oviposition as expressed by the
nearly identical abundance of early instar Anopheles larvae (22-23 early Anopheles/m?)
in the two groups (Table 4.2). When comparing the explanatory variables for clear and
turbid case habitats significant differences were found regarding invertebrate fauna
composition, zooplankton composition and environmental factors. Turbid cases had
twice as many late instar Anopheles larvae than clear cases. In addition, turbid cases
were strongly associated with high densities of Cladocerans of the family Moinidae,
copepods of the order Cyclopoida and Rotifera, which were rare in the clear cases. On
the contrary, clear cases exhibited higher abundances of Odonata, Heteropterans of the
family Notonectidae, and of cladocerans from the families Daphnidae, Chyoboridae and
Macrothricidae, than turbid cases. These results may indicate that although both clear
and turbid habitats were chosen by gravid Anopheles females to oviposit turbid habitats
provided an additional advantage to the larvae increasing their survival perhaps due to
lower density of predators or due to a mutualism with the organisms in the same trophic
level i.e. cladocerans of the Moinidae family. Turbid cases were on average four times
bigger in area than clear cases or controls. (Table 4.2). Turbid cases were also
characterized by four times higher phosphate content than clear cases. Phosphate
concentrations were highly correlated with turbidity (Spearman’s rho 0.57, p<0.001).

All aquatic habitats on Rusinga Island irrespective of case or control were found within
100 to 300 meters from the next house and therefore blood hosts. However, clear cases
were strongly associated with the lake, being never further away from the shore more
than 200 meters, whilst turbid cases and controls could be found much further away
from the lake (Table 4.2).

Turbid cases were found in all habitat types but being most common in the category of
puddle/fish ponds. These habitats are constituted for abandoned fish ponds that keep rain
water forming a puddle. Most of the turbid cases were located close to agricultural
fields, filled with rain water and composed by loamy soil substrate. In contrast, the
majority of clear cases were situated in the floodplains of the lake with equally
distribution of habitats filled with rain or lake water and sand as primary substrate
(Figure 4.5).
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Table 4.2 Comparison of biological and environmental factors between clear (<200
NTU) control habitats, clear (<200 NTU) case habitats and turbid (>200 NTU) case
habitats. Red indicates significant differences between clear habitats (controls versus

cases) and blue indicates significant differences between clear and turbid cases.

Mean (95% ClI)

RR (95% ClI), p (in refernce to control <200NTU)

Aquatic organisms* control <200NTU  case <200NTU  case >200NTU case <200NTU case >200NTU
N=40 N=50 N=22
Anopheles early instars 0 22.2(16.8-29.3)  23.1(15.2-35.1) p<0.001 p<0.001

Anopheles late instars
Ephemeroptera
Odonata
Notonectidae
Naucoridae

Corixidae & Nepidae
Coleoptera larvae
Coleoptera adults

Daphniidae
Chydoridae
Bosminidae
Sidiidae
Macrothricide
Haparcticoida
Moinidae
Ostracoda
Cyclopoida
Naupilus
Rotifera

Fishes

0.26 (0.19-0.35)
2.65 (1.94-3.61)
0.27 (0.20-0.37)
7.24 (5.31-9.87)
1.64 (1.21-2.24)
2.24 (1.65-3.03)
0.75 (0.55-1.02)
1.23(0.90-1.67)

6.15 (4.40-8.59)
1.13(0.73-1.72)
0.18 (0.08-0.39)
9.60 (6.90-13.30)
12.50 (9.06-17.25)
0.65 (0.40-1.07)
2.45 (1.68-3.51)

5.11 (3.87-6.74)
3.93 (2.92-5.28)
0.35 (0.27-0.47)
7.64 (5.79-10.08)
0.22 (0.17-0.29)
2.37 (1.79-3.12)
0.95 (0.72-1.25)
2.52 (1.91-3.32)

6.96 (5.17-9.36)
7.62 (5.67-10.23)
0
0.06 (0.02-0.19)

11.87 (7.82-18.02)
0.46 (0.28-0.75)
0.02 (0.01-0.03)
0.74 (0.49-1.12)
0.51 (0.34-0.78)
2.26 (1.55-3.58)
0.59 (0.39-0.89)
1.86 (1.22-2.83)

0
0
0

0.22 (0.08-0.6)

37.66 (28.44-49.87) 0.7 (0.41-1.46)

0.60 (0.38-0.94)

17.28 (12.99-22.98)

0.00
448 (295-681)

50.97 (43.70-82.30) 64.90 (49.08-85.81) 10.46 (6.75-16.19)

70.70 (51.74-96.60) 58.68 (44.37-77.61)

243 (178-332)
2217 (1626-3023)

1.31(0.96-1.79)

258 (195-340)
953 (722-1258)

0.43 (0.33-0.57)

WATER CHEMISTRY & ENVIRONMENTAL FACTORS

487 (320-7400
1444(951-2194)
1390 (915-2112)

0.02 (0.01-0.03)

20.0 (13.1-30.2), p<0.001 46.3 (27.5-78.0), p<0.001
1.48 (0.97-2.27), p=0.070 0.17 (0.10=0.31), p<0.001
1.30 (0.85-1.96), p=0.220 0.08 (0.05-0.14), p<0.001
1.06 (0.70-1.60), p=0.798 0.10 (0.06-0.17), p<0.001
0.13 (0.09-0.20), p<0.001 0.31 (0.19-0.53), p<0.001
1.05 (0.70-1.60), p=0.803 1.05 (0.62-1.77), p=0.854
1.27 (0.84-1.93), p=0.255 0.78 (0.47-1.32), p=0.361
2.05 (1.35-3.11), p=0.001 1.52 (0.90-2.55), p=0.117

),

):

1.13 (0.72-1.77), p=0.590
6.77 (4.03-11.37), p<0.001
p<0.001

p<0.001
p<0.001
p<0.001

0.01 (0.002-0.021), p<0.001 0.02 (0.01-0.07), p<0.001

)
3.01 (1.97-4.62), p<0.001 0.06 (0.03-0.13), p<0.001
0.92 (0.47-1.80), p=0.815 p<0.001
7.13 (4.47-11.35), p<0.001 184 (105-322), p<0.001
1.08 (0.71-1.65), p=714 0.17 (0.10-0.30), p<0.001
0.83 (0.54-1.26), p=0.3835.88 (4.09-11.61), p<0.001
1.06 (0.70-1.61), p=0.788 5.93 (3.52-9.99), p<0.001
0.43 (0.28-0.65), p<0.001 0.63 (0.37-1.06), p=0.079

( ),

—_— e

0.33 (0.22-0.50), p<0.001 0.01 (0.01-0.02), p<0.001

Turbidity (NTU)

32 (23-44)

35.14 (27-47)

593 (390-901)

111 (0.73-1.69), p=0.643 65 (11.05-31.48), p<0.001

Phosphates (mg/L)
conductivity (mS/sec)
pH

Nitrates mg/L)
Dissolved oxigen (ppm)
Total hardness (mmol/L)

Carbonate hardness (mmol/L

Habitat size (m?)
Habitat shaded (%)
Edge grass cover (%)
Surface grass cover (%)

Distance to next house (m)

Distance to the lake (m)
water depth (cm)

0.63 (0.35-0.90)
366 (268-499)
8.08 (7.86-8.30)

0.60 (0.35-0.84)
466 (353-615)
8.12 (7.93-8.32)

2.25 (1.88-2.62)
620 (408-942)
8.54 (8.25-8.84)

14.37 (10.43-19.81) 15.60 (11.72-20.76) 14.32 (9.29-22.06)

5.90 (1.01-4.22)
1,50 (1.15-1.84)
5.55 (3.96-7.77)
6.60 (4.70-9.20)
26 (19-35)
47 (34-64)
24 (18-33)
127 (93-173)
318 (233-434)
32 (24-45)

7.38 (1.11-5.49)
1.67 (1.35-1.98)
5.86 (4.34-7.91)

6.50 (1.00-9.00)
17 (12-22)
66 (50-88)
37 (28-50)

158 (120-209)
148 (112-195)
23 (17-31)

6.91 (1.58-4.42)
1.47 (1.01-1.94)
7.00 (4.48-10.94)
25.60 (16.70-40.00)
13 (8-19)
52 (34-80)
18 (12-28)
211 (139-322)
378 (249-574)
20 (13-30)

).
0.97 (0.67-1.40), p=876 5.08 (3.21-8.04), p<0.001
1.28 (0.84-1.93), p=0.252 1.70 (1.01-2.85), p=0.047
1.04 (0.78-1.41), p=753 1.59 (1.10-2.30), p=0.013
1.09 (0.71-0.67), p=0.709 0.9 (0.58-1.70), p=0.988
1.25 ),
1.19 ),
1.06

0.99
0.64
1.42
1.55
1.25
0.46
0.71

(

(

(

0.80-1.96), p=0.326 1.17 (0.66-1.05), p=0.580
0.76-1.90), p=0.463 0.98 (0.55-1.76), p=0.953
0.67-1.66), p=0.813 1.26 (0.72-2.21), p=0.416
0.64-1.55), p=0.981 3.89 (2.26-6.67), p<0.001
0.42-0.99), p=0.043 0.49 (0.29-0.83), p=0.009
0.93-2.16), p=0.103 1.12 (0.66-1.89), p=0.677
1.02-2.37), p=0.042 0.76 (0.44-1.30), p=0.320
0.82-1.89), p=0.300 1.67 (0.99-2.81), p=0.054
0.31-0.70), p<0.001 1.18 (0.71-2.00), p=0.517
0.46-1.08), p=0.114 0.61 (0.36-1.04), p=0.069

= = =~ = = = == =

* means for insects and fishes are per square metre, means for zooplankton are per litre
RR are based on univariate modelling of the single explanatory factor where means are compared.
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A) Habitat types

Controls <200 NTU Cases <200 NTU Cases >200 NTU

~map

B) Grass present in habitat (edge or surface)

B no grass

. . . grass

C) Dominant land cover type

Figure 4.5. Distribution of environmental factors evaluated visually in clear control
habitats (< 200 NTU), clear cases (< 200 NTU) and turbid cases (> 200 NTU). A)
Habitat types, B) Grass presence in habitat including surface and edge, C) Dominant
land cover type, D) Habitat water origin, E) Habitat soil type.
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4.4.3 Differences between clear control and clear case habitats

Comparing the explanatory variables for clear control and clear case habitats a number
of significant differences were found regarding invertebrate fauna composition,
zooplankton composition and environmental factors (Table 4.2, Figure 4.5). The
probability of a clear habitat becoming a case increased significantly with a unit increase
of a late instar Anopheles larva (RR=20, 95% CI (13-30)), of cladocerans of the family
Moinidae (RR=7, 95% CI (4-11)), of Chydoridae (RR=6, 95% CI (4-11)) and of
Macrothricidae (RR=3, 95% CI (2-15)). Conversely, the probability of being colonized
was drastically reduced with every unit increase of rotifers (RR=0.43, 95% CI (0.28-
0.65)), of members of the Naucoridae family (RR=0.13, 95% CI (0.09-0.20)) and of fish
(RR=0.33, 95% CI (0.22-0.50)). There were no differences between clear controls and
clear cases in the density of other invertebrate predators like Odonata, Notonectidae,
Corixidae, Nepidae and Coleoptera larvae; Coleoptera adults were even positively

associated with cases (Table 4.2).

Grass covering some part of the water surface was significantly associated with
oviposition in clear habitats. Clear cases had on average a higher percentage of the
habitat covered by tufts of grass than clear controls (RR=1.55, 95% CI (1.02-2.37)).
Notably, turbid case habitats did not differ in their grass coverage from controls. Grass
cover in an otherwise translucent habitat might signal better protection for the offspring
to the gravid female. Furthermore, for a clear habitat to be a case it had to be less than
200 meters away from the lake shore (Table 4.2) possibly indicating that the habitat is
less likely to dry up than relatively small habitats further away from the lake or
signalling a better water quality based on the fact that lake and ground water constantly

replenishes these habitats.

4.4.4 Bacteria community analyses

DGGE analyses of 16S RNA gene PCR products were obtained for 60 water samples
distributed in four habitat types: swamps, puddles, cemented lined pits and burrow pits.
In each profile each band equalling an operational taxonomic unit (OTU) was assumed
to represent a unique phylotype, therefore the richness of bacteria groups was reflected
in the number of DGGE-DNA bands. Likewise, the intensity of a band was intended to

reflect the relative abundance of that bacteria group in the sample.
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Diverse DNA banding patterns were found in water samples collected from swamps (9-
22 bacterial species, n=15), puddles (10-28 bacterial species, n=14), cemented lined pits
(4-22 bacterial species, n=16), and burrow pits (13-22 bacterial species, n=15) (Figure
4.6.; Table 4.3)

4.4.5 Chemical headspace analyses

GC-MS analyses of headspace samples from 60 habitats lead to the detection of 556
compounds. There was a very high variability between habitats in terms of the numbers
of compounds detected and amount released. The number of compounds ranged between
3-71 for a single habitat. The majority of compounds were rare with 338 out of the 556
compounds detected only once. For analysing the chemical profiles of control and case
habitats, a new database was generated to include only those compounds that were
detected in > 5 habitats. Consequently, the list of compounds reduced to 46.

The total relative amount of volatiles released from the headspaces of clear controls and
clear cases was similar (p=0.131) whilst the total amount of volatiles released by turbid
cases was significantly lower (p=0.033) compared with the amount released by clear
habitats (Figure 4.7).
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(A) 16S rDNA-DGGE profiles (B) PCA (C) Diversity diagram
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Figure 4.6. Analysis of bacteria communities from control and case habitats
grouped in four different habitat types. A) 16S rDNA-DGGE profiles, every column
represent an aquatic habitat and every band an operational taxonomic unit. Case
and control habitats are separated by the reference (Hyperladder™ V (Bioline,
London-UK)). B) Principal Component analyses plots; arrows illustrate every
operational taxonomic unit detected, and the length of the arrow is associated with

the amount of variation explained for that operational taxonomic unit in the
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sample. C) Diversity diagrams; circle sizes and labels indicate the numbers of

operational taxonomic units.

Table. 4.3. Detailed analysis of banding patterns in 16S rDNA-DGGE profiles,

Diversity and Evenness indexes

No. Diversity Evenness No. Diversity Evenness
Gel Lane OTUS . d \ Gel Lane OTUS . w  (H'/LogS
index (H')  (H'/LogS) index (H")
(S (S) )

Gel A 1 14 0.63 0.55 Gel C 1 18 0.80 0.64
Gel A 2 9 0.86 0.90 Gel C 2 5 0.28 0.41
Gel A 3 21 1.06 0.80 Gel C 3 13 0.69 0.62
Gel A 4 14 0.99 0.87 Gel C 4 15 0.83 0.71
Gel A 5 12 0.91 0.84 Gel C 5 8 0.80 0.88
Gel A 6 9 0.73 0.77 Gel C 6 15 0.84 0.72
Gel A 7 14 1.00 0.87 Gel C 7 19 1.07 0.84
Gel A 8 9 0.70 0.74 Gel C 8 22 1.04 0.77
Gel A 9 15 0.98 0.84 Gel C 9 20 1.00 0.77
Gel A 10 18 1.01 0.80 Gel C 10 18 0.99 0.79
Gel A 11 22 1.12 0.83 Gel C 11 4 0.50 0.83
Gel A 12 19 0.96 0.75 Gel C 12 13 0.93 0.84
Gel A 13 16 0.91 0.76 Gel C 13 10 0.67 0.67
Gel A 14 14 0.86 0.75 Gel C 14 14 0.65 0.56
Gel A 15 18 0.99 0.79 Gel C 15 12 0.76 0.70
Gel B 1 25 1.08 0.77 Gel C 16 9 0.81 0.85
Gel B 2 26 1.18 0.83 Gel D 1 16 0.08 0.07
Gel B 3 23 0.82 0.60 Gel D 2 14 0.90 0.78
Gel B 4 28 1.25 0.86 Gel D 3 13 0.92 0.83
Gel B 5 21 1.13 0.85 Gel D 4 19 1.06 0.83
Gel B 6 21 1.05 0.80 Gel D 5 18 1.02 0.82
Gel B 7 19 1.16 0.90 Gel D 6 22 1.05 0.78
Gel B 8 24 1.05 0.76 Gel D 7 17 0.97 0.79
Gel B 9 19 1.08 0.85 Gel D 8 20 1.01 0.78
Gel B 10 22 1.12 0.83 Gel D 9 13 0.92 0.83
Gel B 11 10 0.78 0.78 Gel D 10 18 1.07 0.86
Gel B 12 23 1.03 0.75 Gel D 11 19 0.93 0.73
Gel B 13 21 1.10 0.83 Gel D 12 20 1.16 0.89
Gel B 14 19 0.79 0.61 Gel D 13 19 0.91 0.71

Gel D 14 19 1.09 0.85

Gel D 15 14 0.93 0.81

Gel A = Swamps, Gel B= Puddles, Gel C= Cemented pits, Gel D = Burrow pits. Shaded

cells correspond to habitats colonized by An. gambiae s.l. larvae (cases)
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Figure 4.7. Box-and-Whisker plot showing median amount and interquartile range
of the volatiles released (sum of relative amount) by clear controls (<200 NTU),
clear cases (<200 NTU) and turbid cases (>200 NTU).

Principal component analysis of volatile chemicals detected in the three turbidity
treatments (pooled data from all habitats in a group) revealed that most of the variation
in the data (82%) was explained by the first two components which were related to the
turbidity. This analysis suggests a small number of compounds as tentative markers for
turbid cases (Figure 4.8). In addition, a number of compounds were common to both
clear and turbid cases and few that were associated with clear cases. A tentative

identification of these compounds based on the NIST library is presented in Table 4.4.
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Figure 4.8. Principal Component Analysis (PCA) biplot describing the chemical
profile of the three treatment groups. Blue circles highlight chemicals more
strongly associated with cases whilst red circle highlights chemicals characteristic

for controls.

A large number of compounds describe the control habitats in the biplot. Interestingly,
when comparing the number of control habitats with the number of case habitats that
released these compounds, only four were found twice as frequently in controls than in
cases. All other compounds were either equally frequently detected in controls or cases
or even more frequently in cases. The amount of these chemicals released from control
habitats was however, on average nine times higher per habitat (1,719,890; 95% CI
1,177,211-2,262,569) than the amount released from case habitats (196,689; 95% ClI
184,869-208,510).
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Table 4.4 Tentative compound identifications based on NIST library hits

Habitat Chemical NIST hit name %  Functional group
ID Quality
Cases < 200 c110 1-Phenyl-1-butene; Benzene, 2- 90 Aromatic/
NTU ethenyl-1,4-dimethyl-; Azulene, Hydrocarbon
1,2,3,3a-tetrahydro-
cl18 Benzene, (1-methyl-1-propenyl)-, 90 Monoterpenoid,
(E)-; 1H-Indene, 2,3-dihydro-4- cyclic /Aldehyde
methyl-; Benzene, 1-ethenyl-3-
ethyl-
cl72 1-Cyclohexene-1-carboxaldehyde, 95 Aromatic
2,6,6-trimethyl-
c457 Pyrene, hexadecahydro-; 5(1H)- 70 Aliphatic

Azulenone, 2,4,6,7,8,8a-hexahydro-
3,8-dimethyl-4-(1-
methylethylidene)-, (8S-cis)-

Cases > 200 c60 Cyclohexanone, 2,2,6-trimethyl- 92 Ketone, cyclic
NTU
c108 4-Decanone; 27 Aliphatic/
Ketone
c20 Hexanal, 2-ethyl-; 2-Heptanone, 6- 68 Aliphatic
methyl-
Cases (both
clear and cl157 2-Decanone 95 Ketone
turbid)
c207 Tridecane 95 Aliphatic/
Hydrocarbon
cl Triethylamine 76 Unidentified
c36 2,3-Octanedione 25 Unidentified

4.5 Discussion

Our study emphasizes the complex interaction between biological, environmental and
chemical factors in natural aquatic habitats along the shores of Lake Victoria, western
Kenya, colonized and not colonized by early instar Anopheles larvae. Whilst differences
between control and case habitats existed, we did not find a defined set of predictors that
could explain all or at least the majority of cases. High turbidity >200 NTU was the only
environmental factor that was strongly associated with cases. If a habitat was highly
turbid, it was a case. Only one third of all case habitats were highly turbid. Clear cases
were not as easily explained by the variables measured. Nevertheless, some risk factors
were identified; clear cases were positively associated with higher grass coverage than
clear controls, and were negatively associated with the abundance of creeping water
bugs of the family Naucoridae and fish. These predictors though were not as strong as

high turbidity. Some habitats without grass, containing Naucoridae and fish were still
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colonized by early instar larvae. There was a marked difference in the zooplankton
communities between clear controls, clear cases and turbid cases were always associated

with a higher late instar Anopheles abundance.

Based on our results we have to reject the hypothesis that natural aquatic habitats
without Anopheles gambiae s.1. larvae (controls) differ significantly from habitats that
are well colonized by early instar larvae (cases) in their bacteria communities. We did
not find any consistent differences between control and case habitats or between clear
controls, clear cases and turbid cases. Bacteria profiles could not be associated with any
environmental or biological factors. We have however, some indication that cases and
control habitats differ in their chemical profile of the water headspace. We identified a
small set of compounds that were strongly associated with cases, whilst a larger number
was associated with controls. Compounds characteristic for controls were not more
frequent in controls but the amount released was nearly an order of magnitude higher in
controls as in cases. It was not possible to relate the chemical profiles of habitats to the

environmental and biological parameters.

An. arabiensis was the predominant species of An. gambiae complex recorded in the
main rainy season during this study. Although An. gambiae s.s. and An. arabiensis have
been historically reported as sympatric species in Rusinga Island (Minakawa et al. 1999)
An. gambiae s.s. was not detected in the present work. It is likely that similar to other
places in western Kenya, decline of populations of An. gambiae s.s. is a consequence of
intense indoor control interventions like ITNs (Bayoh et al. 2010). Furthermore, An.
arabiensis and An. gambiae s.s. have been shown to share similar breeding habitats in
the region (Minakawa et al. 1999; Gimnig et al. 2001; Minakawa et al. 2012) thus it is
expected that both species would use similar oviposition cues to select an aquatic habitat
to oviposit.

The potential role of habitat turbidity for oviposition site selection

Water turbidity results from suspended organic and inorganic particles in the water
column and, it is defined “as an expression of the optical properties of a sample that
causes light rays to be scattered and absorbed rather than transmitted in straight lines
through the samples” (ASTM 2000). Particles such as clay and silt, finely divided
organic matter, plankton and microorganisms contribute to turbidity (Paaijmans et al.
2008). Turbidity may affect the diversity and abundance of organisms living in aquatic

ecosystems in various ways and it is not surprising that it has been positively correlated
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with presence of Anopheles larvae in the past (Gimnig et al. 2001; Ye-Ebiyo et al. 2003;
Mala & Irungu 2011).

It has been proposed that turbidity could influence immature stages of mosquitoes in
three ways; First, altering their distribution given that turbidity might be used as a visual
cue for gravid females to located breeding habitats, although this assumption is based in
the information available about preference of An. gambiae s.s. for highly contrasted
substrates between clear and dark backgrounds (McCrae 1984; Huang et al. 2007) there
IS not up to date information about how An. gambiae s.l. detect turbidity in the natural
ecosystems. It can be speculated that turbid habitats can be detected via horizontal
polarized light emitted from the water source which could reaches its highest point near
sundown when mosquitoes might initiate flight in search for a breeding habitat (Kriska
et al. 2009). So far the use of polarotaxis in larval habitat search in the Culicidae family
has only been reported for the container-breeder mosquito Aedes aegypti. In its case
however, polarized light was used as an attractive oviposition cue only in the absence of

semiochemicals. (Bernath, Horvath & Meyer-Rochow 2012).

Second, a preference for turbid water can be explained as being advantageous for the
offspring as a higher turbidity may decrease the probability of the larvae to be seen by its
predators. Evidence for this approach is presented in this study, where turbid and clear
habitats presented equal density of predators and yet turbid habitat presented double
density of Anopheles larvae in comparison with clear habitats. In particular, it is argued
that this mechanism could be important for visual predators like fish for which turbid

water decreases its predation efficacy (Johannesen, Dunn & Morrell 2014).

Third, particles that contribute to turbidity may also interfere with larval feeding. In
principle, high turbidity could prevent light from entering the water column and interfere
with the growth of photosynthetic organisms i.e. algae and bacteria, affecting the
availability of food for mosquito larvae; which in turn can slow down the rate of
development affecting mosquito nutrient acquisition. On the other hand, proliferation of
algae and bacteria can increase food availability raising the population density of

mosquitoes (Ye-Ebiyo et al. 2003).

Strong correlation between oviposition and conspecific late instar abundance
Presence of late instar Anopheles larvae did not deter gravid females from laying eggs in
habitats previously colonized by conspecifics as it has been suggested in other studies

(Koenraadt et al. 2003; Sharma 2012). This observation brings out the question about
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how larvae can be detected by gravid females and what are the larvae representing for
gravid mosquitoes. It has been suggested that An. gambiae s.I. larvae could produce
semiochemicals that are density-dependent. In low densities (< 5 larvae/100 ml) females
could be attract to oviposit in the same larval habitat but in high densities (>50
larvae/100 ml) gravid females are repelled (Munga et al. 2006; Sumba et al. 2008).
Presence of conspecifics could also give indications about the suitability of the habitats
like the presence of nutrients content, water quality and could be the reason why
mosquitoes have been reported ovipositing in water from breeding sites previously
colonized by Anopheles larvae (McCrae 1984; Sumba et al. 2004; Otienoburu et al.
2007).

The role of predators in habitat selection — oviposition versus survival and its
relation to turbidity. Densities of micro invertebrates often reported as predators of
mosquito larvae (Odonata, Coleoptera larvae and adults, Notonectidae) did not differ
between habitats colonized and not colonized by An. gambiae s.I. with the exception of
members of the Naucoridae family that were more abundant in control habitats. This
could be an indication that gravid An. gambiae did not detect predators when selecting
an oviposition site. Contrary previous studies have suggested that An. gambiae select
aquatic habitats with low predation pressure (Munga et al. 2006; Sumba et al. 2008).
According with our data turbid cases had lower density of predators and higher density
of late instar larvae in comparison with clear cases with higher density of predators and
less late instar larvae whilst their average early instar density was exactly the same.
Thus, we hypothesize that predators play a role in larval survival of An. gambiae s.lI.

rather than in oviposition.

Creeping water bugs of Naucoridae family were the only micro invertebrate associated
with the absence of early instar An. gambiae s.l. larvae. Naucoridae are recognized as
voracious predators in stream tropical ecosystems, and even though mosquito larvae are
counted between their preys; they can hunt almost any other organisms of minor size. In
Europe the most common specie llyocoris cimicoides has a feeding rate of > 20
mosquito larvae/day while their nymphs can consume as many as 35 larvae of Aedes
vexans/day (Najera, Gonzalez-Silva & Alonso 2011). Although this insect group seems
of the major importance in the regulation of other insect population in natural aquatic
ecosystems little is known about how they might interact with malaria vectors larvae
(Mbogho 2012). It is possible that An. gambiae s.lI. like other species of mosquito had

developed avoidance for a specific predators (Blaustein, Blaustein & Chase 2005;
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Silberbush & Blaustein 2008) however, this need to be further explored in more
controlled environments like microcosm or open field settings. It is clearly important to

protect predators when controlling immature vector stages in the aquatic habitats since
predators contribute to the control. However, the exclusive use of predators for
controlling mosquito larvae is likely not successful as supported by the here presented
data; even in the presence of a diverse predator community late instar anopheles larvae

were abundant.

Bare habitats versus habitats with emergent vegetation/grass — the role of grass in
clear habitats. Our results shown that there is a positive association between emergent
vegetation and clear habitats that contained An. gambiae s.l. larvae, however, this
association disappeared in turbid habitats that also contained early instar larvae. This
evidence might be an indication that in turbid habitats the vegetation cover is an
irrelevant cue for oviposition and the other way around. Likely grass and turbidity are
detected by the gravid females as safety signals. Grass can confer refuge to otherwise
exposed offspring in clear habitats and turbidity can reduce the probability of the larvae
to be detected by visual predators like fish. This observation might explain some of the
contradictory reports about An gambiae s.|. preferring habitats free of vegetation
(Gimnig et al. 2001; Kenea, Balkew & Gebre-Michael 2011) (many of the turbid
habitats, highly colonised are free of vegetation) and reports of positive association of
tufts of grass and Anopheles larvae (Mwangangi et al. 2007; Fillinger et al. 2009b)
which might always been observed when the habitats sampled contained a large
proportion of habitats with low turbidity.

Distinct zooplankton communities in control and case habitats — the role of
competitors. Controphic species of mosquitoe larvae particularly zooplankton was
abundant in cases and control habitats and seems not to prevent An. gambiae s.l.
colonization. Contrary, in the present study gravid females of An. gambiae s.s. preferred
to lay eggs in aquatic habitats where high densities of members of Moinidae family were
present. This is a positive association rarely reported for organisms in the same trophic
level of mosquito larvae. Although there is limited information about this particular
cladoceran groups in the tropics (WHO 1999) it has been suggested that zooplankton can
be positively associated with mosquito larvae by consuming bacteria that are pathogenic
to mosquitoes larvae or reducing predation on mosquito larvae serving as alternative
prey (Blaustein & Chase 2007). In this study, competitors were not associated with
negative effects in the population dynamic of early instar larvae. However, it should be
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noted that the role of competition in transient aquatic habitats could be determined by
other factors not studied here. It has been hypothesized that in ephemeral aquatic bodies’
competition is a function of hydroperiod length suggesting that competition is less likely
to be important in habitats of short hydroperiod because densities of competitors are
unlikely to be high and resources are unlikely to be reduced. Whether mosquito larvae
are benefited or harmed by the presence of the controphic species depends on which
species is a better competitor for resources and which is more susceptible to predators
(Blaustein and chase 2007).

Chemical profile analyses suggest that chemicals might be involved in habitat
selection but no evidence was found to confirm or reject that these might be
produced by bacteria. Diverse bacteria communities were identified in all aquatic
habitat types investigated. No differences between habitats with and without early instar
Anopheles were however detected. These findings are in agreement with a recent report
of bacteria communities from domestic water storage containers with and without Ae.
aegypti in Thailand; where diversity of bacterial communities did not differ between
containers and therefore no bacteria group was associated with larvae presence (Tanner
& de Savigny 2008). These results confirm our previous work suggesting that microbial
communities from larval habitats are not associated directly with oviposition behaviour
in An. gambiae s.l. In spite of the highly complex chemical profiles of natural water
bodies data exploration suggests that some organic chemicals are associated with prolific
oviposition sites whether turbid or not. Importantly, habitats without larvae were
characterized by relatively more compounds and maybe more importantly of a higher
amount of specific volatiles released from controls as compared to the amount of the
same volatile released from cases. The standardized experiments and field observations
confirmed that An. gambiae s.| selected oviposition sites through a complex interaction

of volatiles organic compounds and visual cues.
4.6 Conclusion

The relationship between environmental characteristics, biotic and abiotic factors that
characterize natural oviposition sites of Anopheles gambiae s.l. in Rusinga Island,
western Kenya are complex. Further studies are required to investigate chemical cues
released from vibrant larval habitats and their interaction with potential visual cues like
turbidity investigated. Turbidity and volatile chemicals might be potentially exploited to

attract and kill gravid females as a novel intervention for vector surveillance and control.
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Chapter 5 Synthesis

Understanding the ecology of gravid An. gambiae s.l. is a prerequisite for the
development of interventions against malaria vectors. Factors that guide gravid females
foraging for oviposition sites might be manipulated to attract and kill adult mosquitoes
or used as markers to target prolific larval habitats with larvicides. This study
investigated whether An. gambiae s.I make informed choices when selecting oviposition
sites and explored physical, chemical and biological parameters associated with these
choices. Using dual-choice egg-count bioassays it was demonstrated that gravid An.
gambiae s.l. discriminate between potential oviposition substrates using volatile
chemical cues. Field studies revealed intricate mosquito colonization patterns that could
be partially explained by the turbidity of water bodies. This study could not confirm that
microbes in general or specific bacteria communities are associated with the selection of

aquatic habitats by gravid females.
5.1 Key findings

5.1.1. Gravid An. gambiae s.l. females select sites to oviposit using volatile organic
compounds and turbidity

This study found evidence that gravid An. gambiae s.I. make informed choices when
selecting an egg-laying site. Firstly, the mosquitoes consistently discriminated between
contrasting infusions in standardized experiments in the field and laboratory. When
provided with a choice of rabbit food pellet infusions and lake water the mosquitoes
avoided the infusion and laid eggs in the lake water. As the pellet infusion aged it
became increasingly less likely that mosquitoes would lay eggs in it. In contrast to this,
gravid mosquitoes preferred laying eggs in aging soil infusion instead of lake water. This
preference for soil infusion did not depend on the visual appearance of the infusions
demonstrating that volatile organic compounds dominated visual cues within that range.
The volatile organic compounds that were responsible for the preference and avoidance
of the organic infusions were not investigated in detail within the scope of this thesis.
However, this work was continued in collaboration with colleagues in parallel ( (Okal et
al. 2013) (Appendix B), Okal et al. 2015 under review (Appendix C), Lindh et al 2015
under review (Appendix D),) and suggests that the avoided chemical cues released from
the highly organic and decomposing pellet infusion were bacteria metabolites (p-cresol,
skatol, indol), whilst the only attractive cue to date identified for the soil infusion in
addition to water vapour (cedrol) is likely plant derived (Okal et al 2014, Okal et al
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2015, Lindh et al 2015; Appendices C-D). Secondly, the distribution of first instar An.
gambiae s.l. larvae in the field was non-random. Aquatic water bodies with turbidity
measures greater than 200 NTU were with over 80% certainty colonized highly by early
and late instar An. gambiae s.l. larvae. Turbid habitats interestingly released less volatile
organic compounds than non-turbid habitats although a small set of chemicals associated
specifically with these habitats were identified and justify further investigation.
Turbidity is likely a strong visual cue at a longer range than chemical cues that increases
the probability of a gravid female finding the habitat in the early evening. Visual cues
aiding the orientation towards a potential habitat have been shown before in cage and
semi-field settings (Huang et al. 2007; Dugassa et al. 2014). In spite of the highly
complex chemical profiles of natural water bodies data exploration suggests that some
organic chemicals are associated with prolific oviposition sites whether turbid or not.
Importantly, habitats without larvae were characterized by relatively more compounds
and and maybe more importantly of a higher amount of specific volatiles released from
controls as compared to the amount of the same volatile released from cases. The
standardized experiments and field observations confirmed that An. gambiae s.l selected
oviposition sites through a complex interaction of volatiles organic compounds and

visual cues.

5.1.2. The oviposition choices of gravid An. gambiae s.l. are not associated with the
microbial community of oviposition substrates from vibrant breeding sites

In contrast to some earlier reports, it could not be confirmed that gravid malaria vectors
show preferences for soil or water collected from well colonized natural larval habitats
over distilled water in standardized cage tests. Removing microbes from the natural
substrates did not alter this response to the two substrates. Thus this work did not add
evidence to the assumption that oviposition cues used by gravid An. gambiae s.l. to
select (prefer) a habitat over the other are majorly produced in situ by microbes in the
habitat. Whilst it cannot be excluded that volatile chemicals were involved in the
selection of sites and that they might have been produced originally by microbes, the
removal of microbes did not alter the chemical profile of the substrates to affect
oviposition.  Natural oviposition sites exhibited a large variability in bacteria
communities without discernible differences in groups of bacteria between sites with and
without An. gambiae s.1. larvae. Likewise, there were no differences in bacteria diversity
between habitat types. There was neither an  association  between
biological/environmental factors and bacteria communities nor between the three

turbidity groups (clear controls, clear cases, turbid cases) and bacteria communities.
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Therefore while there is sufficient evidence that volatile organic compounds could
contribute to oviposition site selection in An. gambiae s.l. there is no evidence that these
are produced by bacteria. Other microbes like algae and fungi were not investigated
during this field study and their role in natural habitat selection remains unclear,
however, the sterilizing techniques used in the laboratory experiment removed all
microbes from the sample and no evidence was found that could justify investigating

these groups.

5.1.3. Conspecific late instar larvae, competitors and predators in natural aquatic

habitats do not prevent gravid An. gambiae s.l. from laying eggs in these habitats

In the present study clear and turbid habitats colonized by early instar An. gambiae s.l.
were significantly associated with high abundance of late instar An. gambiae s.l. High
late instars in habitats selected for oviposition seems to be an indication of increased
survival in these habitats probably related with other habitat characteristics like quality
of the water and nutrient content that gravid females may perceive when looking for a
site to lay eggs. The association between conspecific larvae and oviposition has been
controversially discussed in published work. On the one hand some hypothesize that
gravid females avoid oviposition in habitats with abundant late instars due to the risk of
competition and the early instars being eaten by late instars (Koenraadt et al. 2003;
Munga et al. 2006; Sharma 2012). On the other hand, it has been speculated that
conspecific larvae produce semiochemicals (Sumba et al. 2008) to guide gravid females
to the oviposition sites. This study clearly demonstrates that early and late instar are
strongly associated in natural habitats providing evidence that gravid Anopheles gambiae
s.l. do not avoid laying eggs when large numbers of conspecifics are present. This might
warrant further investigations if late instar larvae produce semiochemicals or if the
observation is associated with better survival in these habitats. Zooplankton
communities regarded as competitors of mosquito larvae (Blaustein & Chase 2007) are
plentiful in habitats with and without early instar An. gambiae s.l. larvae and there is a
strong indication that certain taxonomic groups are associated with habitats where
mosquito larvae are present. Gravid An. gambiae s.l. preferred to lay eggs in aquatic
habitats with high densities of members of the Moinidae family. This is a positive
association rarely reported for organisms in the same trophic level of mosquito larvae.
Although there is limited information about this particular cladoceran group in the
tropics it has been suggested that zooplankton can be positively associated with larvae
by consuming bacteria that are pathogenic to mosquito larvae or reducing predation

pressure when serving as alternative prey (Blaustein & Chase 2007). Nevertheless, none
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of these hypotheses have been tested in An. gambiae s.l.. To my knowledge this is the
first study where zooplankton from transient fresh water ecosystems was identified and
related to the abundance of mosquito larvae in Kenya. The data does not suggest that
zooplankton organisms compete with Anopheles larvae and therefore reduce larval
abundance or oviposition and therefore does not present a viable option for malaria
vector control as suggested by some; at least not in the naturally occurring densities.

Densities of micro-invertebrates often reported as predators of mosquitoes larvae
(Odonata, Coleoptera larvae and adults, Notonectidae) did not differ between habitats
colonized and not colonized by early instar An. gambiae s.l. indicating that gravid
females did not detect and respond to predation risk when selecting a natural oviposition
site. The only family of predators that might warrant further investigation are the
Naucoridae. Members of this family were significantly more abundant in habitats
without larvae. If this has to do with the detection and avoidance of these voracious
predators by gravid females or whether the absence of Naucoridae from the cases has to
do with other underlying habitat characteristics needs still to be proven - Based on the
data, it is much more likely that predators played a role in larval survival than in
oviposition site selection; this is supported by the relation between densities of late instar
larvae and predators. Turbid cases with few predators had two fold more late instar An.
gambiae s.I. than clear cases with a higher density of predators whilst their average early
instar density was exactly the same. Predation is a vital interaction in the regulation of
population dynamics and community structure in any ecosystem and mosquito larval

habitats are no exception (Blaustein 1999).

5.2 Limitation of the study

This study demonstrates that volatile organic chemicals and turbidity are involved in the
regulation of the oviposition site choices of An. gambiae s.l., however, by no means
should it be concluded that these are the only cues involved in oviposition site selection.
The presented work has generated the first extensive insight into the oviposition site
selection of Anopheles gambiae s.l. and highlighted a large number of open questions

still to be investigated and also the limitations of the work that was carried out.

The findings for this study are valid for the geographical area where this research was
implemented. The extent to which such findings can be generalized needs to be further
explored. There is indication from a recent study that cues for oviposition in An.

gambiae s.l. could vary between geographical locations (Ogbunugafor & Sumba 2008).
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For this reason, it is important to implement oviposition studies in different
environments with dissimilar topography and climate. The evidence of this study,
though rigorously gathered, must be interpreted with caution when describing

oviposition in geographically separated populations of An. gambiae s.1..

For lack of a direct way of estimating the oviposition rate of An. gambiae s.l. in the field,
early instar larvae in natural habitats were used as a proxy for oviposition preferences
and therefore aquatic water bodies were classified as case or control depending on
presence or absence of these immature stages. Larvae first appear in breeding sites when
eggs eclose two to three days after oviposition. Natural water bodies in the tropics are
complex and dynamic environments changing quickly over time. Therefore, it cannot be
excluded that the bacteria communities and chemical profiles experienced by the gravid
female whilst laying eggs were not exactly the same as those collected and analysed at

the day of early instar sampling.

Furthermore, the presence of larvae is also a function of other factors including the hatch
rate of eggs or the relative survival of larvae. Nonetheless, until a direct method of
detecting actual oviposition in natural ecosystems is found, first-instar larvae remains the
most direct indicator for this behaviour. In order to analyse the chemical headspace and
bacteria communities exactly on the day when oviposition occurs it would be necessary
to revisit the aquatic habitat on a daily basis and collect samples and information on
colonisation. This would be extremely difficult, time consuming and costly for
investigating oviposition behaviour under field conditions however might be explored
under more standardized conditions with artificial ponds to generate more insight on the

speed and extend of change over time.

The approach taken to contrast and identify bacteria communities and volatile chemicals
in natural An. gambiae s.l. larval habitats was very challenging with currently available
tools. The complexity of the chemical profiles of natural water bodies necessitates the
collection of a large numbers of samples in order to detect general patterns.
Unfortunately, comparing mass spectral results from these samples can only be done
manually and resulted in an extremely difficult and time consuming task; one that could
be conceivably permeated with human error. However, given that this is a pioneer study
in the identification of chemical headspace from natural aquatic habitats the results
obtained here are valuable and can serve as a starting point for future work. The bacteria
communities were analysed using DGGE, a method that could be implemented without

highly specialized equipment and could therefore be done in a research field station.
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Furthermore, this method allows for bands of OTUs in the gel to be cut and to be
identified if any of the OTUs would have been of specific interest. However, this
technique is especially sensitive to human expertise in the process of gel making and
consequently the reproducibility of results is a difficult endeavour (Nocker, Burr &
Camper 2007). Most importantly, comparisons of bacteria communities could only be
made for habitats loaded on the same gel but not inbetween gels. It was therefore not
possible to implement an analyses with all data included. However, the sub-set analyses
did not provide any evidence that would suggest that an analysis of the entire data set

would have resulted in any significant associations.

5.3. Future work

A large number of new research questions resulted from the here presented findings that
might be worth perusing for the development of new vector control strategies targeting
the gravid malaria vectors and the most preferred larval habitats.

The soil infusion tested in chapter 2 was found to be preferred by gravid females for
oviposition, however, it is important to screen other soil samples to see if the observed
response is a response common for all soil infusions prepared under standard conditions
or, which is more likely, if there are significant differences depending on the source and

characteristics of the soil.

No evidence was found that bacteria communities were associated with habitat selection
in the field. When investigating the oviposition response to highly decomposed organic
matter presented by rabbit food pellets it is highly likely that the chemical cues that led
to the avoidance of this substrate were indeed produced by bacteria. The question arises
if bacteria produced volatiles might only be involved in avoidance of habitats (which
might also be supported by the field observation, that controls released the same volatile
compounds as cases but frequently in a much larger amount) but not in preferential
selection of habitats. Furthermore, it would be necessary to explore other microbial
groups like algae and fungi, in addition to vegetation present in the aquatic habitats in

order to detect the potential source of attractive semiochemicals for egg-laying.

The high probability of wild An. gambiae s.l. mosquitoes laying eggs in turbid habitats
suggests that mosquitoes use turbidity as a visual cue. Thus there would be value in
studying this in a standardize way evaluating how mosquitoes detect turbidity. There is
strong evidence that water insects orientate to a given polarized light field and that one
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of the highest points where polarized light can be detected is at dusk precisely the time
of the day were mosquitoes are foraging for an oviposition site (Bernath, Gal & Horvath
2004; Bernath, Horvath & Meyer-Rochow 2012). Studies evaluating the responses of
An. gambiae s.l. to polarized light emitted from turbid substrates and its relation with
oviposition would aid a better understanding of the cues used by gravid females and
therefore pave the way for the development of novel sampling techniques. Most
importantly, it is important to study how visual and chemical cues interact under natural

conditions in order to design effective attract and kill strategies.

The relationship between the absence of Anopheles gambiae s.l. larvae and the presence
of Naucoridae in natural aquatic habitats noticed in this study requires further
examination to investigate if the predators can be detected by the gravid female and
deter her from egg-laying. Furthermore, the role of turbidity in predation success needs
further investigation. Do predatory micro-invertebrates avoid colonizing highly turbid
habitats due to reduced visibility in the water column and does this protect the vector’s

offspring?

Biological and environmental factors in a given habitat change over time and likely
affect the oviposition behaviour in time. A longitudinal study following a small group of
aquatic habitats across the rainy season on Rusinga Island could be used to confirm the
observations from the case control study and further elucidate if habitat preferences

change over time or are strongly associated with specific habitats throughout.
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5.4 General conclusions

It has been widely acknowledged that current vector control interventions in sub-
Saharan Africa are insufficient to achieve malaria elimination since residual
transmission will be maintained by exophilic and insecticide resistant vectors. In order to
target malaria vectors outdoors a better understanding of their outdoor behaviour is
needed. This thesis presents pioneering work investigating the oviposition site selection
in Anopheles gambiae sensu lato, the major malaria vector in sub-Saharan Africa under
controlled conditions and in field settings in Western Kenya to identify if this vector
species selects habitats based on specific cues and to explore if such cues can be
identified and used to improve larval source management practices and to develop novel

strategies for monitoring and control of gravid females.

Results from experimental laboratory and semi-field studies and from observational field
studies provided evidence that a gravid An. gambiae s.l. female selects a suitable habitat
for oviposition using chemical cues from water bodies. It was shown that natural
infusions can be used to manipulate the oviposition behaviour of An. gambiae s.l.. Soil
infusions have the potential to be used to bait gravid traps for the collection of An.
gambiae s.l. ((Herrera-Varela et al. 2014)/ Appendix A), although further work must be
implemented to elucidate whether the observed preference was based on the specific soil
type tested or whether similar responses can be achieved with any soil. In contrast,
infusions routinely used in gravid traps for the monitoring of Culex and Aedes disease
vectors, i.e., fermented hay infusions, rabbit food pellet (Lewis 1974; Lampman &

Novak 1996; Jackson et al. 2005b), were strongly avoided by An. gambiae s.I.

Wild and caged An. gambiae s.I. females discriminate between potential aquatic habitats
for oviposition based on habitat characteristics and experimental laboratory tests as well
as the observational case-control study in the field confirmed that these choices benefit
the survival of the offspring. Experience during the larval stage (rearing water

characteristics) did not influence the adult’s choice of oviposition substrate.

It was demonstrated that the choice of habitat is mediated by chemical cues based on
both preference and avoidance. Based on this ground-breaking work, some chemical
cues have been consequently been identified (Appendix C) as semiochemicals of
oviposition. It was shown that the soil infusion contained at least one attractant that

mediated the oviposition response of gravid females over several metres (Appendix D).
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Whilst further work is required, this work lays the foundation for the developed of
‘push-pull” or ‘attract and kill’ strategies to improve malaria vector monitoring and

control.

Previous reports that substrates containing microbes from vibrant larval habitats are
preferred over the same substrates when sterilized were not confirmed. Elimination of
live microorganisms from soil and water collected from a natural larval habitat does not
necessarily influence the oviposition choices of gravid vectors. No evidence was found
that volatiles produced in situ by these microbes are involved in the oviposition choice.
Nevertheless, volatile profiles of oviposition substrates can be modified by sterilization
and it was shown that substrates without any volatile headspace were avoided supporting
the conclusion from the soil infusion experiments that volatile chemicals play a role in
habitat selection. These findings were confirmed by the field study and based on these
results it cannot be recommended to continue to invest in investigations of bacteria
communities associated with preferred malaria vector habitats (but possibly with those
that are avoided). Fungi and algae might be a potential source of attractive chemical
cues, although the experimental work sterilizing substrates did not provide any evidence
for that. Based on the results it is concluded, that rather than studying the microbial
community, more time and effort should be invested in the chemical analyses of the
headspaces of preferred habitats and infusions to identify individual chemical

compounds and blends that could be used in traps.

The relationship between environmental characteristics, biotic and abiotic factors that
characterize natural oviposition sites of Anopheles gambiae on the shores of Lake
Victoria in western Kenya are intricate. The only factor that allowed prediction of a case
with high probability was turbidity of the habitat >200 NTU. Whilst risk factors
associated with selection and avoidance of habitats in the field were found, these were
insufficient to guide larval source management operations targeting only habitats
selected by gravid females. There might however be value in exploring experimentally
or with a mathematical modelling approach what impact on malaria transmission might
be achieved if only turbid habitats would be targeted for larval control since these
habitats supported the highest survival of the immature stages and might therefore be the
most productive sources of malaria vectors. The role of turbidity is likely visual and if

further explored might provide an additional cue to be integrated in novel trapping
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strategies combining chemical and visual cues to attract and kill malaria vectors in an

integrated vector management approach.
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Abstract

Background: Tre nonrandom dstribution of anophaline lanee in natusl habitats suggests that gavid Bmales
discaminate between habitars of different qualiny. Whilst physcal and chemical oues wed by Cuwler and Aades
weCTor mosquitees for selecting an owvipositon site have been extensvely studied, those for Anopheles remain
poarky esploner. Here the habitar sslection by Anopheles gamblae sensy baro (51), the principal Afscan malara
weCTor, was investigated when presented with a chosce of two infusions made from rabbi food pellers, ar sol
Methods: Matural colonization and laral sunival was evaluated in armificlal ponds flled @ndomby with either
rifusion Duekchaoice, eqgroount Dioassay s evaluated the resporses of caged gravid Bmalss 1o(1) two- 10 se-day
ol infusions versus lake waten, () autocaved versus non-autoclaved soll infusons; and assessed (3) the offaciny
memany of gravid females conditioned in peliet infusion as lanae

Results: Wild Angpheles exchusively colon zed ponds with soil infusion and avoided those with peliet infusion
‘When the individual infusions were tested in comparison with lake wa®er, caged An gambilae sensw sicno (L)
showeed a dose response females increasingly avoided the peller infusion with increasing infusion age {Es-day
vermus lake water odds rano §0R) 020 95% confidence inerval () 001-05) and showed increasing prefersnce 10
ay ens as 5ol infusion age increased (s-day versus lake warer OR 20, %% O 1.4-3.3). Lanvae survived in 5o
rifusions equally well as in lake water but died in pellet infusions. Anopheles gambize 1z preferred o lay eggs

n the non-autocaved sofl (08 26 %% O 1837 compasd with autocaved soil There was no change in the
avondance of peller infusion by individuals reared in the infuson compared with those reared in lake water,
Conduslon: \Wid and caged An gamblae ol females discriminate berween potentlal aquete habitars for cwiposimon
Trese chioices hensfit the survival of the offining. Alhowgh the sudy was not desigred 1o distinguish berwesn
stimdl that acted ower a distance or on oontact, it ooukd be demanstrated that the choice of habitat 5 mediated by
chemical cuss based an bath pefence and swoidance. These cuss, If identified, mght be develaped for ‘push-pul
strateqies D impove malaria vector manitonng and contro

Keywords Ovipositon ste selection, Anopheles gamblae, Matural infusion, Ofecmny memany

Background interspecific mlations that influence the sbundance of
Selection of suitable oviposition sites is a critical gep in individuals [23]. Organisms without any parental care

the life history of mosguitees [1]. This is a proosss
whereby individuals select and occupy 2 non-random  set
of aquatic habitats Habitat selection is of major import-
anee for the interpretation of spatial and temporal distri-
butions of populations, and for understanding intra and
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are likely to chome habitats based on a set of innate or
leamed cues in onder to maximize the survival and fit-
nesss of their offspring [2.4].

Mosquitoes utilize a wide range of aquatic niches lbr
oviposition, inclhuding matural ponds, puddles, stream
fringes, mamhes, treehoes and plhnt ails, man-made
pits, drains, dee fields, and contziners [5]. Field gudies
have shown that mosquitoss are discriminating in select-
ing sites for egg deposition [6.7] and that oviposition
choices made by gravid females am a key factor in
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determining brval distribution [8-11]. Although diflemnt
species are found in the same type of habitat, ovipostion
ste selectivity is considerably species specific [12]. Im-
mature sages of Aropheles grmbiae sens bato (2l), the
major malaria vector in sub-Saharan Afrca, are typically
described a5 inhabiting very small, temporry sunlit
pools and puddles without vegetation [13-16]. However
reviews of the literature and mecent mesearch on larval
ecology have shown that this is 2 gros oversmplifica-
tion of the wide range of habitats colonized by this spe-
cies [17-19], 2 Bet meognized over hall 2 century ago by
Haolstein who reviewed the ‘extraordinary diversity of the
breeding plwes’ of An gambiae s [19] . Numerous
studies have described how the presence o An pambiae
sl brvae [17.20-23] and the capacity of individua] hali-
tats for generating adult mosquitoes [6,8.17.24.25] differs
markedly over space and time, yet these surveys biled to
mveal any risk Botos thet could consistently predict
stes prefemed by An gambiae <l [17.20-23]. This might
lezd to the conclusion that this speces mndomly de-
pmits its eggs in 2 brge mnge of habitats and that the
heterogensous  distribution of brvae msuls fom the
aurvival of brvae in the aquatic habitat [R10] mther
thamn the adults’ choice.

Surprisingly, fully gravid malara vectors looking for
suitable kirval habitats have been gmsly undemstudied
[26]. Compared to the wealth of knowledge of the phys-
izl and chemical Botors uwsed by gravid culicine for
selecting an ovipmition site [27-00] those potentially
used by the worlds most desdly malaria vector remain al-
most unexpored. Whenss many publications meoognize
that the distribution of brves betwesn seemingly suitable
female [6,82441-43] and that this choice probably im-
pacts on the fitness of her offpring, there is litthe empir-
izl evidence to support thess ssertions Most recent
mesearch has evaluated the chamcteristios of aquatic habi-
tats amociated with the prsence and sbsence of brvae
[15.21,43-46] but the uwnd ling of the behaviour of
gravid female An pambiae 2l when searmching for an ovi-
pemition site remins, at best, sketchy [8,4147-53).

Laboratory studies demonstrated that physical condi-
tions of the aquatic habitats influence oviposition site se-
lection in An gambiae £f, with females preferring dark
backgrounds to pale ones, muddy water to clear water
and fully hydrated substrates [8.4150.54]. Turbidity has
been suggested 2s an important physical cue for ovipos-
ition behaviour in Ar. pambiae 2l although the svidence
o this is contradictory [55.56].

Even less is known about the chemical cwes and their
interaction with physical fectors Water vapour is itsell
an attrectant to grvid mosquitees [57]. It has been
shown that gravid An pambiae =l am semsitive to
bacteria-derdved odours [47,53.58] which have besn
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amsociated with incressed [47.53] and reduced [58] egg
numbers compared to ferile media in cage bioassays.
Whilst over A putative oviposition semiochemicals have
been suggested in the ltermture, based on the analses
of bacterdia- or habitat-derived volatile chemicals and
electro-antennogram studies [53.59], there is only one
report [60] o two chemicals inducing 2 behavioural -
sponse in gravid females (one incressng and one de-

Here the oviposition behaviour of An pambiae sl was
explored to test the hypotheses that 2 gravid An gam-
bige 5 L female evaluates the suitability of 2 habitat using
chemical cues from water bodies that oviposition choices
made by a2 gravid female benefit the oispring and that
this choice cannot be modified by experience in one
g e tion.

Habitat selection by gravid An pambiae 2l was tested
by presenting 2 choice of two infusions one made with
sail from an amea where matural habitats occur (e
quently, and one made with mbbit food pellets Rabbit
Tood peellets ave frequently used s diet for mosgquito lar-
vae in insectaries [6L62] and infusions made of grass,
hay and other plant matedal, including rablit fod pel-
lets have shown to be attractive to 2 mnge of mosquitoe
species and have been uwsed in gravid traps [63-64]
The zim was to explom whether Aropheles pambiae
sl might also be drawn to this infusion.

Matural colonization and bral survival was evaluated
in artificial ponds filled randomly with either infision.
As a consequence of the Geld observations, two-choics,
egg-count bicasmys were wsed to explore pattern of ovi-
position seen in the Geld Experiments were designed to
address the bllowing quesions: 1) Do gravid Ar gam-
Bige 5.k females discriminate between different habitats
when searching for an oviposition site? 2) Does the ovi-
position choice bensfit the survival of their ofspring?
3) Are gravid females guided by preference (attractants/
stimubmis) or avoidance (repellents 'deterents)? 4 Ane
oviposition choices likely to be losed on chemical cues?
and, 5) Is the choice made by 2 gravid emale infuenced
by her olBctory memaory of her larval habitat?

Methods

Stusdy site

Experiments were cartied out at the Intemational Centre
for Insect Physiology and Ecology (icipe), Mhbita, on the
shires of Lake Victoria, Westen Kenya (geographic co-
ondinates 072606.19° South; 34712°53137 East; alitude
1,137 m above sea level). Mbita has a typical tropical oi-
mate; temperatures meillate betwesn 18280 and thens
is annual rainkll of 1,436 mm (based on data from icipe
meteomlogical station for 2000-2012). Two rainy sea-
sns oocur annually, the long rainy season betwesn
March and Jume and the short miny season betwesn
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October and December. Makiria is endemic in the are
and transmitted by three vectors, which are in onder of
their sbundance Aropheles ambiensi, Anopheles gam-
Bae sensu stricto (sx) and Amopheles funestus [67].

Miosguitoes
Open-Geld triak were conducted with wild anopheline
and culicine females that ovipmited in tuls of water
sumnk into the ground. These were colonized within three
days. Laboratory experiments were carded out with
insectary-reared An pambiae o, (Mbita strain) supplied
by icipes insectary and mared following standard operat-
ing procedures. Brielly, larvae wers reared in round plas-
tic tubs (dizmeter 06 m) Gled with water from Lake
Victoria and fed Tetmmin® fish ibod twice duily. Larvae
were collected mndomly from several tubs on the day of
experiment. Gravid mosquitoes wers prepared by select-
ing 300 female and 300 male mosquitees, two to thres
days old, from their rearing cages at 1200 and keeping
them in 30 «30<30 em netting cages at 25-28C and
68-75% rebtive humidity. To avod moquite desicc-
tion, cotbon towels (folded to 2512 cm) wers sturated
with ke water and placed over the cages. Mosgquitoes
were starved of sugar for seven howrs belre blood feed-
ing and albvwed to feed on 2 human am for 15 min at
19,00 on the same day. After feading, fpiiboes wers
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20 phstic tubs (40 cm diameter, 20 cm desp) into an
opensunlit feld during the long miny seson in May
2011, The tuls were pleed in four lines of Gve tubs
each 4 m apart [70]. Two differsnt substrates were ran-
domly offered in the antificial habitate Hall of the tubs
(ten) meceived 30 g of mbbit food pellets (Soooby® mbbit
and medent food, Maimbi) containing hay and grins
ﬁmmime.whﬂt.lﬂrhp.mmmuﬂwwmmm
meal, and traces of molasses, vitaming and minerls The
remaining hall of the tubs (ten) received 2 kg of dry sodl
taken from a field at icipe. Sal texture was characterized
= a silty chy loam acconding to the US Demiment of
Agriculture [USDA) texture triangle [71] wsing the de-
tergent method [72] to sepamte and quantify sodl min-
eral particles of diflerent sze. A volume of 15 1 of lake
water pumped fom Lake Victoria, was added to each
tub and the water level was held constant by adding
water to the 15 | mark daily. The two trestments ame
hencelrth miemed to o pellet and soi infsion. To
study the ovippsition msponse of wild mosquitoes the
tubs were minitored daily between 0800 and 1000 by
dipping five times per tub with 2 standand dipper
(350 mll. Two different dippes wers wsed for the two
treatments to avoid contamination. Four dips wer taken
froam the edge of the tubs and one fom the middle. The

provided with 6% glucose solution ad Ebitwm. This pmo-
cedure was repeated 24 hours bter. After the firs blood
meal unled kemale mosquitoes were removed fmam the
cages Fed female mosquitoes were kept together with
makes for two days afer the second blood meal befor
using them in an experiment (i ¢, females four to fve
days afber first blood meal). In the afemoon (16.30) of
the day of an experiment 45100 (depending on experi-
ment and ilability ) visually p d gravid femal
that is with an enlaged, pale white abdomen, wen se-
lected from the holding cage A small percentage of
these mosquitoss were probably not gravid because most
lemales needed two blood meals to reach full gravidity
and some never reasch full grvidity even after three
leeds [68,69). Whilst two meals were provided it cannot
b guarantesd that two meak wens taken by all females
This might be the mason that not all mosguitees ex-
pmed to ovipsition medium in experiments lxid eggs
(responded), thersfore the number of regpondes was
amaller than the number tested. Mon-responders wemn
e huded from the analyses

Experimental procedures

Do gravid Anopheles gombioe sensy ko fermales
diisaiminate between diferent habitats when searching
for an ovi podsiti on site 7

To explone natura] coloization of habitats by wild mos-
qquitoess, 200 artificial habitats were ¢mated by implnting

[ of exch dip wes emptied into a white plestic
bowd and all eady instars (fist and second sage brvas)
counted and recorded for both culicine and anopheline
maosquitoes All larvae and the water were metumed to
the mapective tub. The tubs were fdlowed lor 16 days.
Ponds were searched for pupee and collected daily to
prevent any emergence of potential disesse vectors.
Pupas were allowsd to emenge in cages in the hboratory
and any anophelines emenging identified to species wsing
maorphological keys [13.73] and for specimens of the An
pambiae complex using the fbosomal DR A-pa ymerase
chain resction (PCE) method to distinguish between the
twe Jocal species of the complex An pambiae ss. and
An. arabiensis [T4).

D the oviposition choice benefit the surdval of thesc
offspring?

Larval survival was amessed by introducing individual,
insec tary- reared, first instar An. pambiae £x larves in in-
Tusions collected fom the tubs st up in the feld. Infu-
sion mmples were taken after one, sx 11, and 16 days.
Ome-hundred ml of infision was collected Fom esch of
the ten tubs per trstment and poded per treatment
(0l or pellet infusion) in 2 phstic bottle. Lake water
was used as 2 contml. First instass were introd uced in
100 ml plastic cups contzining 50 ml of pellet infusion,
sail infusion or ke water. Twenty brvae were exposed
individually per treatment and collection day. Larvae
wen kd every second day with Bnely ground Tetramin®
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Baly fish food. Food was provided with a hunt tooth-
pick that was Gt wetted in lake water and then dipped
quickly, not more than 1 mm deep into the ground food,
and then dipped onto the surface of the test water. Lar
val development was monitored daily and the time of
death or time to pupation and emergence recorded. This
experiment was implemented under ambient conditions
in a semi-field system (80 sq m) with screened walls and
2 glass wof [75].

Are gravid females guided by pref es or avoid ?
Based on the analyss of the field data a series of two-
choice, egg-count bicassays were designed to investigate
if the response of wild gravid females observed in the
field was based on awoidance or preference of an infu-
sion or bath.

Gravid females were selected from insectary cages and
transferred individually to 30x30x30 cm cages In each
cage two glass cups (Pyrex®, 100 ml 70 mm diameter),
surmounded by tightly fitting aluminium cylinders so
that mosquitoes could see only the water surfice, were
filled with 100 ml of either the control or test medium
and placed in diagonal corners of the cage. Prior to use,
cups and cylinders were cleaned with detergent, then
autochived and kept in an oven at 200°C for at least two
hours. The position of oviposition cups containing the
test medium was altemated between adjacent cages to
control for possible position effect The placement of the
first test cup was randomly allocated for one of the four
cage comers in the first cage Subsequent test cups were
rotated in the next possible corners in 2 cockwise direc-
tion relative to the position of the preceding cup. One
control cup was added in each cage diagonal to the test
cup to complete 2 twochoice set up. The experiments
were carried out in makeshift sheds (Figure 1) that ex-
pased the mosquitoes to ambient light, temperature and
relative humidity but protected the cages from rain.
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Two sets of experiments were carried out consecu-
tively (Table 1, Set 1 and 2). In the first set oviposition
choice was evaluated for two-, four- and six-day old pel-
let infusions compared with lake water. In the second
set, the oviposition choice was evaluated for two, four
and six-day old soil infusions compared with lake water.
In bath sets of experiments intemal controls were used
to validate the two-choice experiment. Here equal num-
bers of cages were set up where both cups in 2 cage con-
tained lake water and were hbelled randomly as control
and test cup, assuming that gravid females by eggs in
both cups in an equal proportion.

Infusions were prepared in a similr way as for the
field tests. Fifteen | of bke water were either incubated
with 30 g of pellets to prepare a pellet infusion or incu-
bated with 2 kg of wil to prepare 2 wil infusion. Infu-
sions were prepared in 2 plastic tub (% em diameter
20 em depth) six days, four days and two days before the
day of experiment in order to test all ages in parallel.
Tubs were covered with mosquito netting and kept in
makeshift sheds at ambient conditions but protected
from rain. Experiments were implemented over three to
nine rounds depending on the awilability of gravid fe-
males and the response mte per round (Table 1) with
fresh hotches of infusions and different batches of mos-
quitoes for every round. On the day of experiment infu-
sions were sieved through a clean piece of cotton cloth
to remove lrge debris remaining from the pellets or
soil

Ffteen to 25 replicate cages per treatment were set up
per round. A single gravid female was introduced per
cage at 1730. The next moming between 08.00 and
09.00 the absence or presence and the number of eggs
was recorded for the control and test cup in each cage.

Turbidity, conductivity, dissolved oxygen, and pH were
measured in fve cups per trestment in four different
batches of pellet, soil infusions and lake water using a
turbidity meter (TURB 355IR, WT'W Germany) and 2

of Dace between adpcent cages

Figure 1 Loatbn of egg<ount bioassays. (A) Shedk (10 m ong x5 mwide x Z2m Righ) wh walls made of med mams and a mof made of
manEiucent comugted pofyamonze oo (B) insedor of 3 shed In each shad wio Rabies hold up to 75 2andand cages aach, Alowing D cm
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Table 1 Summary details of dual-choice, egg-count bi s to evalk dposition chodces in Anopheles gambioe
sensu skrido
2, S S— T
2t 1 Fellet Infsione Lake v Lo vemer &5 (TS

Lake v ZFday old pelet infusion . (28]

Lake wawer d-day ald pelet Infusion &7 (TSR

Lake v Erday old pelet infiusion L]
%12 5ol Infusioins Lake wawes Lake e B3 335)

Lake wanwes Ty ald zail Infirdan - w1 aE)

Lake v 4y old soil nfusion W )

Lake waier Ertay old soil Infuslan fraler]
ot 3 Wsion verres olfac on Lake v Lo vemer a0
i il infirsioms Lake wanes ety old soil Infiasion B0 A

Lake wanwes Anodaed Gy o ol 1z BT 3

Irfiion
Mo ieed Eday old ey old soil Infusion S 20

il Infision

et Ofacory memony - peler
nfisions

Lakoe wiaier reared Ao gam bloe femabes
Lake wamer & day old pelet infusion 1 11 (45

Pediet infusion rearned An. gam bioe females
Lake waier Erday ald pelet Infusion 1 IT 45

multimeter (Multi 34905 WTW, Germany). In addition
one batch of pellet, sodl infision and ke water was
tested for ammaonium (WHy+), carbonate hardmess, total
hardness, nitmte (MO5), nitrite (NO5), and phosphate
(PO} content using Aquamerck” test kits from the
compact bbomtay fbr water testing [ Agquamerck”
Me111151, Germanyl

Are oviposition dvoices likey to be based on dhemical
oues T

Soil infusions differed strongly in colour and tudbidity
from lake water. To asses il the oviposition response
olserved was based on visual or chemical cues, 2 thind
st of dual-choice, eggcount bivassays wers imple-
mented with sic-day old sodl infsions (Table 1 5t 3)
comparing the reltive attractivenes  of autoclaved
and non-autockved infuson [47.76). The experiment
llowed the same experimental procedures as described
abwve. Alber fltering the infusion through a doth on the
day of experiment, the inhsion was split in two squal
volumes and half autoclaved at 1200C for 20 min to kill
bacteria potentially invaved in relessing oviposition se-
migchemicals [47.77] and to redwes the amount of vaa-
tile chemicals from the solution whilt maintzining the
colour and turbidity of the infusion. After autoclaving
the infision was left to cool to ambient temperature be-
lre setting up the cage bimsays. The oviposition
chaice of individual gravid mals was evaluated for six-

day old sod infusion verses bke water autoclaved sx-
day old soi infusion versus bke water and for autochved
veras non-autockved sic-day old infusion. An equal
mumber of cages were set up whers both cups ina cage
contained ke water and were mndomly bbelled 25 con-
ol and test cup

In order to confirm that autocbving sterilized the infu-
sion, samples (1 ml) of both infusions were taken during
each experimental round lor bacterial cultures. Samples
were serally diluted (ten-fold) two times in distilled
water, After dilution, 100 pl of esxch of the <1 [un-
dil uted), =107 and <107 dilution s was spresd separately
onto the suface of duplicate Lysogeny Broth (LB) agar-
pltes (LB Lennox-Fisher Scientific) [78]. Plates wens in-
cubated overnight at 30°C and the presence of colonies
reconded.

The sme physical and chemicl parameters were mea-
sured for the sutockhved infuson as described above for
the non-autochved pellet and soil inhsions.

Is the dwice of the gravid female influenced by her
olfactory memory of her larval habitat?

A fourth set of experiments (Table 1, St 4) was de-
signed to amsess the posibility that a gravid females
chaice for an oviposition site might be influenced by her
olfzctory memaory of her kirval habitat, 25 hos been sug-
gested for culicine speces [4.79].
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To test this, appmoimately 2000 Ar. pambiae 5. eggs
were dispensed in 15 1 of two-day old pellet infsion
and another 2000 eggs in lake water and reared under
the same conditions to the adult stage The infusion and
kke water in the maring pans was rephosd every two
days with Fresh two-day old infusion or lake water until
all surviving larvae pupted. Larvae were kd with Tetra-
min® fish food twice daily following routine insectary
procedures. Pupae were collected in 2 cup with 100 ml
of rearing water and pleed in 30:30:30 cm cages for
emergence. Gravid females for cage bivasays wer ob-
tained as described above.

Dhual-chavic & cage bivasmys were crried out in paml-
lel with gravid An gambiae 25, meared in the infusion
and gravid An pambiae 5.5 reared in lake water. A sin-
gle mosquito was oflered a choice betwesn six-day old
pellet infusion or lake water. Forty-five replicates wem
set upin parallel for both treatment groups a5 described
abaove.

Sampihe size consider stions

The sample size (mumber of rspondes) in the our sets
of cage experiments dlfersd br 2 number of resons
Due to adverse climate conditions affecting the mos-
quite: supply during the pellet infuson bioasmays, the
production o colony-reared mosguitoes was low. Never-
calcubtion showed that 66 msponders in esch am in
the pellet infusion bicasmays (Table 1, Set 1) was suffi-
cient to detect 2 23% increase or decrease in the propor-
tion of eggs laid in the treatment compared to the bk
water only experiment with 80% power at the % level
of significance. The affect of the pellet infigon ohserved
on oviposition response was much stronger than 23% In
the soil infigion experiments (Table 1 Set 2 and Set 3),
2 minimum of 150 responders in each arm was analysed.
This was sulficient to detect 3 15% incresse or dec e e
in the proportion of eggs laid in the treatment 2 com-
pared to the lake water only experiment at the ame
power and significance level. This level of accuracy was
desmed appropriste fbr investigating significant behav-
ioural cues afecting the ovipmition choice. The ealu-
ation of o factory memory required the mosquitoss to be
rmeared in pellet infusion where brval modality was
nemarly 98%. Therelore, only 45 females could be tested,
out of which only 31 and 37 mesponded in the two arms
(Table 1, Set 4. The hypothess or this experiment was
that the preference of grvid Emabks could be changsd
and thersfom at lexst double the proportion of eggs laid
in pellet inhmion by inhsion-meared Eoeles = com-
pared to the lake water-reamd females With 31 re-
sponders in each arm the experiment was powensd
(80% ) to detect a change in the proportion of 35%
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Statistical analyses

All data wers analysed in B statistical softwame version
2.13.1 [80]. The one sample proportion test Runction was
used to estimate the %% confidence intervals (C1) for
the proportion of brvae surviving in pellet infusion, sod
infusion and kke water. Pupation time of larvae exposed
to different treatments was caleulated wsing the follow-
ing formuba: (Ax1) + (Bx2) + (Cx3)..(G=10) Total num-
ber of pupse collected, where A, B C_G are the
number of pupse collected on day 1. 2, 3 to 10. Dual-
choice, egg-vount bicasays wene analysed using general-
imed linear models (glm-function) with a quesibinomial
distribution fitted to account for the overdispemsion. In
ki in test cups in the cages with equal trestments (lake
water in both cups) were compared with the proportion
of eges kid in test cups in cages with two dilferent treat-
ments. [t was hypothesized that gravid females presented
with an identical treatment by in both cups in an ap-
proximately equal proportion (p=05)L The satistical
amalysis aimed to reveal il the test treatment of interest
(& g infusions of diferent age) received an incressed or
decrexsed proportion o the total number of eggs kid =
compared to the bke water only treatment. Themdors,
the trestment chaice (e g lake water only cages, cages
with infusion versus lake water) and the round of experi-
ment were included a5 fixed Gctors to analyse their im-
pact on the outcome (proportion of eggs laid in test
cupl. A similer analysis was used lor the burth set of ex-
periments to compare the proportion of eggs bid in test
cups (pellet infusion) by gravid lemales that were reared
in hay infuson during their larval development, com-
pared to the proportion of eggs kid in test cups by
gravid females that were reared in ke water. The mean
proportion of eggs laid in test cups in different treat-
ments and their 95% Cls wer cloubted o the epo-
nential of the parameter estimates br models with no
intercept included. Similady, multiple comparisons of
treatments were caleubited based on the model pamam-
ebir estimates.

Results

Gravid Anopheles gam bige sensu loto females disoriminate
betwesn habitats when searching for an ovip osition site
Mumquitoes oviposited in the aificial ponds shortly
after they had been set up since eady instar brvae wen
found from day 3 and brvae hatch approcdimately 24—
48 hours after eggs are laid Ponds with pellet infision
wene colonized exclusively and in high densities by culi-
cime mosquitoss. Mot 2 single Anogheles lara was de-
tected over the l6-day olservation pericd. In sharp
contrast, eady Amoplreles instar were consgently found
from dey 3 to doy 16 in the il inhsion ponds
(Figure 2). Based on the pattern of larval abundance,
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peak oviposition ocowmed six to ben days after setting up
the ponds. Amopheles nearly dlways occurred in higher
densities than culicines Anophels brval densities are
maturally relatively low in the sudy ara, with approsi-
mately one to three hrvae/dip in natural habitsts [17].
In the present study an average of ten (%% C1 5-18)
aarly instar braeldip was recorded, indicating that the
soil infusion ponds were 2 highly fovourable habitat.

All pupe collec ted fom the artificial habitats belongsd
to the Arn gambias complex. PCR-based species analysis
rmeveaked that nearly all the wikd An pambiae s wems An
arabienss (SH%, 49500

The female’s ovipos tion choice benefits the survival of
her offspring

Anapheles pambiae 5.5 hrvae survived equally well in
soil infsion and bke water imrespective of the age of the
infusion. In contrast, brvee placed in pelet infuson only
survived in the one-day old infusion in similr members

bt survival was reduced by over 60% (p < RO} in pel-
let infisions six days and older compared to lake water
or sodl infusions of the same age (Figure 3). Mean pupa-
tion time for survivorss dd not sgnifcantly differ be-
tween tratments or ages of the infuson and was o
average 75 days (95% Cl 66-83)

Gravid female Anopheles gombioe semy stride show
avoidances and preferences when selecting an
ovipition site

Figure 4 shows the median msponse rate of the gravid
females to the test cup in pellet infsion and soil infu-
sion experiments. An approcdmately equal proportion of
females bid eggs in test and contml cups when an equal
chaice of lake water was provided. Fewer females kid
their eggs in pellet infusion as it aged, whilst ko soi in-
fusion the opposite was the case with an incressing prm-
portion of females bying eggs in sod infusion 2= it aged.
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Similr results were seen for the proportions of eggs
kid althiugh the distribution of eggs between the two
equal choices of ke water was slightly skewed (Figure 5
5%t 1, hke water contrad cup 045 (95% C1 0.38-056)
versus lake water test cup 055 (95% Cl 08-0.66))
though mot significantly different from 0.5 The distribu-
tion of eggs betwesn lake water and two-day old pellet
infusion did not significantly differ fFom the distribution
betwesn the two cups with kke water only. However
pellet water became unattrective Fom day 4 (Figure 5
Set 1)L It was &7 times les likely for an egg to be bid in
the test cup in the trestments that contained sx-day old

pellet infusion versus lake water than it was when both
cups contained bke water. During the experiment with
sail infusions a amilbdy skewed distribution in the pmo-
portion of eggs kid in the two cups with hlke water was
observed due to chance alone. (Figure 5, Set 2L In con-
trast to the pellet infusion, brger proportions of eges
wene laid in the test cups with increasing age of the
sail infusion. An egg was more than twice a likely to
be laid in the test cup in the teatments that con-
tained six-day old sed infusons compared with ke
water than it was when bath cups contained bke
water (Figure 5, $et 2).
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On average individual females bid 63 eges (95% C1
A-65) (Figure 5) imespective of the experiment and
treatment. Notably, 18% (95% C1 11-26%) of gravid fe-
males kid eggs in both cups provided in 2 cage, 2 behay-
iour known = skip owviposition in other musquite
species [81] but rarely reported for An. gambiae 5.5 [83].
The average number of eggs kid by skip-ovipositing fe-
males and by females that chose only 2 sngle cup was
smilar. Whilst the perentage of skip-ovipositing fe-
males was smibr in all treatments with two equal bke
water choices and in all soil infusion treatments, this be-
haviour was affected by the pellet infusion. Only a few
An. pambiae ss. males skipovipmited in the fur- and
six-day old pellet infsion trestments (6%, 95% C1 3-9%).

Pellet and soil infusions differed in key physical and
chemical paametes. All pellat infusions had 2 strong
amell to the human nose, wer more or less transparent
and had a2 slightly green coour but differed ittle in ap-
pearance compared with ke water in the oviposition
cups Comespondingly, turbidity levels wers low. In con-
trast, soil infusions did not have any smell to the human
nose, were light brown in cdour and turbid, providing 2
Arong visual contrast to the lake water. Pellet infusions
were abo characterized by melatively high conductivity,
low pH and oxygen deprivation. In contrast the soil infu-
sons’ conductivity was appmaimately hall that of pellst
infusions, was saturated with dissolved oxygen and had 2
higher pH (Table 2). The varishility of these messures
between infusons of difforent incubation times within a
treatment gmoup was relatively low and does not appear
to explain the differences in the behavioural responses
The only Bctor that changed over time was turbidity in
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the soil infusion and notably the most prelemed six-day
old infsion was less turbid than the others

The increased carbon and total handness of the pelet
infusion corresponded with the incressed conductivity
levels and the high ammonium and phosphate levels
compared with the soi infuson (Table 2).

Chemical cues from the infisions are responsible for the
ovipmition choice in cage bicasays

Since soil infusions differsd in appearance from the lake
water, an additional set of experiments was carried out
to evaluate whether the attactivenss of this infuson
was due to vimml cues. Cage experiments with two equal
chaic es of bke water confirmed an equal distribution of
egigs between contra and test cup. Notably, when gravid
females had 2 choice between bke water and autockved
sail infusion, the lake water was prefemed. The ovipms-
ition preference for sx-day old sodl infuson compared
with lake water was also confirmed in this set of experi-
ments with nearly identical odds ratios s before of 22,
The preference for the six-day dd infusion was comabe-
rated when given a choice betwesn sutoclaved and non-
autoclaved  infusions of smikr colour and turbidity
{Figure 5, Sat 3).

Results From this set of experiments suggest that
chemical cues are involved in the oviposition msponses
observed. If the preference for the six-day old sal infu-
sion over bke water was based on turbidity andior
colour of the infusion alone, 2 similr response in the
choice tests with autoebved veras non-autocbved infu-
sion should have been seen as in the choice tests with
ke water versus sutoclaved infusion. Due to the dight

Table 2 Physical and chemical properties of pellet and soil infusions

Owiipo sito n substates in choife experiments

[Pasm aer Lake: Pelllet in fusions Sl i shones
mntr 7 days 4 days & days 7 days & doys 6 dys | Auto-dawed
Tesbichay (NI Z 7 =1 fr 7 3 137
(05-14 =13 (=19 a0-250 CISr=dE) (92-10) E1-24 (IE=158)
noF 47T =3 543 173 o7 17 6
Corduivity (usAm)
(IE=110)  (E-49)  S47-590 GZ-ES) (M-8 @E-IE 0824 (FE-IT4)
4 a3 ar a3 53 & a3 48
el cegen i3l (&F-53 an-14 5=1.4 (Z-04 E0-55 ET=-63 (50-65 @E-51)
S &3 &7 T4 T L] ] a9
- (T3=E10 EI-63 (Ei-69 (M3=T3 (TE=T0 (TE=T3 (M3=80 (BE-E9
femema nium (mgd) o 5 o o
e (gl o o i1 i1
e fmigd) o o [ulir. 00
Brrmnae (mgT) o 3 15 5
Carbarme hardness immald) a ig 7 z5
Tomal rand ress {rmmilh a 15 ar ar
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avpidance of the autockved infusion the odds of finding
an egg in the non-autochbved sx- day dd infsion
should have been appmcimately 13 (decressed choice
lor autocbved infusion by 30% or increased chaice of
fresh infusion by 30% ). Mevertheless, the remaining odds
of 22 can only be exphined by chemical cues being
either involved in attrcting the female fom a short dis-
tance or stimulating the kmale to lay eggs on contact
with water. Physical and chemical water parameters wen
similar for autockved and non-autoclaved soil infus ons
Bacteria cultures froom autoclaved infusions confirmed
that samples did not contain any bacteria that could
grow on LB plates a5 opposed to the non-autodaved in-
hsion wher colonies of at least three different morph-
ologies were dbserved.

The ovipodtion choice of the gravid female is not
influenced by her olfa cbory memory of her larval habitat
Rearing An pambias £5 in two- to four-day old pellet
infusion did not alter their oviposition response towards
the infusion (p=0392). Gravid females reared in bke
water and gravid females meared in pellet infusion show
an equally strong avoidance of the sic-day old pellet in-
husion provided in choice experiments (Figure 6, Set 4.

Discussion

The results confirm that wild and caged An gambiae .1
lema s discriminate (defined a5 recognition and under-
tween potential aquatic habitats for oviposition and
make clear choices when presented with contrmsting ovi-
pmition media. These choices benefit the survival of the
offspring Although the experimental desgn does not
allow 2 conclusion whether the stimuli acted over 2 dis-
tance (attractants and repellents [84]) or on contact with
the oviposition medium (stimubnts and deterrents [85]),
it could be demonstrated that the choice of breeding site
is guided by both avoidance and preference. However
the exclusive way in which the artificial pomnds wens
chosen in the feld, where they wem set up mlatively

laks water | Pulat infusion

Mosquiloss
rrared in gl
[T

10 0# 0% 04 02 0 d& & 6 Q% 10
Propartion of sy leid

Figure & Egg bying responses of Anophelrs gam blar seno

sha i reasesd in laloe waber o in pellet infusion to Lk waier

and paiiet infusion (Set 41
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clme to each other suggest that these chamcterstios
wene detected by both culicines and anophelines from a
distance rather than on contact.

Muddy water has previously besn suggested to in-
crease ovipamition response of gravid A gambiae £ in
cages when offersd together with dear water [41]. how-
ever in this study cage experiments could not confirm
this olservation. The dilference in turbidity between
ke water and infusions cannot explin the avoidance
and preference observed at short mnge in the cages
Tworday and six-day old pellet infusions did not differ
in their turbidity but significantly differsd in the ovipos-
ition msponse they meeived. Simibdy, all soil infusions
should have slicited equally strong megonses fFom
gravid females if tudsidity was an important oviposition
cue at short mnge On the contrary, the sic-day old sod
infusion remained equally preferred for oviposition when
tested against a turbid and sutoclaved infsion than
when tested against clear bke water. The msults suggest
that chemical and not visual cues wers msponsible e
the responses observed in the cage experiments. The
previously published preference of muddy water [41]
may have been based on chemical cues associated with
the muddy water which was taken from 2 maturz] habi-
tat. However the possibility that visual cues played a
rale in the selection of oviposition stes by wild mosgui-
towss i field experiments especially when searching
for water bodies from a distance cannot be entirely
excluded.

It is likely that the chemical cues used by mosguitoss
oy avoidd pellet infusions and to prefer sod infusions wens
at least partly of microbial origin, which is supported by
the bek of attrection to the autodaved soil infusion
compared to clear bke water. It i most likely that the
observed oviposition choices 2 well as the larval sur-
vival were moted in the water quality of the habitat and
consequently the amociated micro-organisms and che-
micals in the water. The physical and chemical water pa-
rametens mexsured for the two infsions suggest that
they mpresented squatic habitats in different stages of
decay. Contrary to the expectation at the onset of the
experiment, pellet infusions created with increasing age
2 habitat type in 2 sever state of decomposition. High
ammumniz and phosphate levels are charactedstic of e
cently inundated organic material [86]. The odour of the
pellet infuson is amociated with fermentation of omganic
material by Beulative and ansembic bacteria This leads
tor depletion of the oxygen supply and a decrease in pH
a5 a result of accumubtion of organic acids in the water
[87-89]. The sail infision had the chamcteristics o a kss
mutrient-rich habitst containing rebtively little omganic
matter. This limit s the removal of oxygen by aembic het-
erotrophic micro-omganisms and hence the water col-
umn will stay aembic [89].
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Anzerobic fermentation products of organic matter
have been previously shown to be highly attractive to a
mumber of gravid culicine species such = Culer stigma-
tomoma  (formerly pews) [87), Cuer  gquinguefosdatus
[33.6590-92], Culex pipiens [64], Asdles asgypti [77.93]
and Asdes albopictus [94,95]). These infisions have been
amoviated with 2 range of bactera such = Aembader
aerogenes, Pesdomona aengginosa, Bacilbes ceres [96-98]
amnd wvobtile chemicak produced by them inchding
4 methylphenol, 3 methylindale, carbosylic acids and me-
thyl esters [333999000]. It is lkely that similar fectors
were nesponsible for the strong repellent/deterent effsct
o gravid Ar. pombiae ol females

Most sagnant water bodies will show increasing signs
of decomposition over time but the spesd and extent
of this will depend brgely on habitat quality [101].
Theralyre, it i argued that habitat age or permanence
alone is not a good predictor e the oviposition re-
sponse of An pambiae 2l 2 has been suggested [45].
For example, the content and input of organic matter
source of water and Fequency of frsh water inflow will
aflect the compmition of the biotic community and
chemical and physical charmctersios of an aquatic habi-
tat [B6.89101]. This might explin why in some environ-
ments semi-permanent and permanent habitats ane just
a well coonized 2 temporary habitats  treditionally
thought to be the prefernsd An pambiae 2l habitats
[13.17.67]. Habitats made of pellet infusion were avoided
by Arapheles fom an eady habitat age, whilst intersst-
ingly, the highest preference of the soil infusion was re-
corded on day 6 in the bboratory and between day &
and 10 in the Geld afer the habitats were well estab-
lished, contradicting the idea that An gambiae <l is a
pioneer species colmizing temporary habitats immedi-
ately after their oocurrence [13].

Typically, it is reported that An pambiae 2., dlthough
krgely a generalist, is not found in heavily polluted wa-
ters [19.102]. Hancock [103] further observed that An
pambiae 2l avoided water with 2 low pH when it was
abo sccompanied with high omanic matter content
Addition of freshly cut vegetation (i & grs cuttings) to
aquatic habitats has also been shown to prevent the lar-
val development of Ar pambise 50 [16]. The results
from the experiments with pellet infusions support these
meports of An gambiae ol colonizing polluted habitats
especially in urban aras [104- 106]. Clearly, the degres
of avoidance or scceptance of 2 polluted habitat by A
pambige i, depends on the extent and nature of pollu-
tion [19]. Results show that two-day old pellet infusions
were not rejected by Anophels and even four-day old
infusions il received 2 considerble proportion of the
oviposition responses despite their adverse water charac-
teristics. This supports the idea that An gambiae 5.0 has
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2 very high tolerance level of what they accept 25 ovipas-
itinn sites, sspecially in the absence of better alternatives
in close vicinity = is often the case in whan emvimn-
ments and in contrast to the here presented Beld ogeri-
ment where good habitats were offersd rght next to the
unfavowred ones

Importantly, An pambiae s appeams to have an innate
propensity to avoid specific chemicl cues that wens
emitted from the pellet infusion. Rearing Ar pambiae 5.
& frmoom egg to pupee in this infuson did not alter this
behaviour. Gravid females that had experienced the pel-
let infision during brval development avoided the infu-
sion for oviposition 2 much a5 the females that had no
prior experience of it This suggests that the emdimn-
ment in which An pambiae sz develop = brvase does
not determine the preferred oviposition ste when they
retum to lay eggs This is in contrast to published work
on Cr. quinguefsciatus where it was demonstrated that
rearing the larvas in an infision made from guines-pig Be-
ces cancelled their innate preference e a hay infuson [4).

The cage biosssays with individual grovid females
allowed 2 number of interesting observations that ame
rarely reported since the majority of sudies with An
pambiae 5.5 are done with groups of mosgquitoss when
the actual number of females laying per cage is unknown
[41]. The occurrence of skip-ovipmition in gravid Am
pambiae £5. and how this is affected by chemical cues
was demonstrated. Furthermors, the design revealed that
the mean number of eggs bid per Bmale in 2 cge was
similar imespective of the experiment and treatments only
the distribution between cups differed when two differsnt
did not retain their eggs in the prsence of an unbyvoured
substrate when they were ofered 2 suitable alternative
chaice. 1t abo shows that the prefermed sal infuson did
not stimubte individual females to by more eggs than
they would do in lake water. Testing individual females
gl excludes potential aggregation effects Whilst from
the field experdments it might have been possble that
gravid females selected habitats that already received eges
from conspeciic females, cage biosssys with individual
Temm s, shorwed the same avoidance and prefers noe behay-
iour a5 observed in the Beld, confirming that conspecilics
alome cannot explain the olserved choice.

The potential involement of micmbial sctivity in break-
that impmet on the ovipmsition responses o gravid An
pambiae 55 was deduced partly by the lack of sttraction
dﬂnﬂmﬁmuwamﬂe:ﬂﬂﬁmHmﬂ\h
must be interpreted with caution since autockyving the in-
fusion might not only have killed the microbes but of
changes rather than biokgic al clangss [77].
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Batch-to-batch variations were recorded in the re-
sponse of gravid mosguitoes to the inhsions resulting,
lor example, in some rounds showing 2 high preference
and other rounds only a modenste prefer nce for the soil
infusion. This varation can be attributed to differences
in the quality and amounts of odorants melesed Fom
thee infusions amd stochastic events Fresh infusi Were
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itiom behaviour of A pambiae 2l Sodl infisions have the
potential to be used to bait gravid traps for the collection
of An. pambiae 5.1, although further work must be imple-
mented to ehcidate whether the nbumedpr\cﬁm was
based on the specific sod type tested or whether similar

1 can be achieved with any soil. The low A gam-

prepared for every test mund with different latches of
pellets and soil Especially, for the soi it is highly likely
that there were differences in the soi condition as well
2 diflerences in the species composition of the micm-
bial community associated with the matural materials
over time. [t has been shown previously that natural infu-
sions can be an inconsistent source of odorants for ovipos-
ition site-seeling ity and therefore every batch
mesds to be verified to be behaviowrally sctive belre it can
be used for subsequent experdiments [77]. Ideally, il ind-
chemicals were to be wsed lor monitoring andlor conirol-
ling grovid melada vectors, specific chemically defined
w:pnmnmmswu]dbepeﬁm'ﬂlmwnm:] in hesiomns.
oy @nure 2 o ponse in gravid femoles either
pishing them away Fom human population [107,108] or
pjhrgﬂ:mmnh:gm'ﬂtzp[l&lﬂﬂ

W hilst the observed avoidmos j Is thee wr-
Fﬂhn&pﬂhnﬁmmmmﬂhﬂum
range a5 reported e other species in msponse B oun-
Ervourable chemical cues [107,108,110], the abeerved prel-
eremoe in the cages for the sal inhsion was rebtively weak
and it is questionable whether it could compete with other
suitable habitats from 2 lager digance. Mevertheless, con-
sistent msponse derved from over 150 replicates in two
experiments likely represents a gemuine effect. Further in-
vestigations are in progres to charscterize the bacteria
chemicals emitted from the infisions and detected by
gravid An pambiae 5. using gas -chromatography coupled
to mam-spectrometry and coupled gas chromatography-
alectroantennogram detection.

It must be cautioned that not all soils and all mbbit
oed pellets will lead to the same physical and chemical
parameters s the infusions presented here. Therefone
the two infusions of this gudy only serve 2 specific ex-
amples fir two highly contrasting media. Further work
is needed to screen other soil amples to see if the ob-
served response i 2 response commaon for 2l sedl infu-
dons preparsd under fandand conditions and il the
mme bacteria and chemical profiles can be detected, o
which is more likely, that thers are significant & fernces
depending on the source of the soil.

Condusion

This work illustrates that 2 gravid An pambiae sl [emale
wlects 2 suibhble habitat for ovipmition using chemical
cues from water bodies. It furthermore emphasizes that

bige sl catching efficacy reported e gravid traps oper-
partly be explained by the infusions mutinely used in these
traps, i e, Ermented hay infusions, rabibit food pellet and
cow manure infusoms [68-112]. The identification o the
chemicals mspongble for the preflerence of the soil infu-
sion might be exploited to bait gravid traps specifically e
the collection of Ar. gambiae <l
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Water vapour is a pre-oviposition attractant for the
malaria vector Anopheles gambiae sensu stricto

Michael N Okal™ Berjamin Fancis’, Manuel HereraVarel ™ Ulrike Fillinger"™" and Steven W Lindsy™

Abstract

Background: To dare no semicchemicals affecring the pre-ovipoation behavowr of the malara wedor Ancpheles
gamblae sensw kefo have been described. Water va pour must be the majar chemical sgral emanating fiom a
patental lanval habitat and althowgh one might expect that gravid An. gamblae s deea and respond 1o water
wapour in their search for an agquatic habitat, this has never been experimentally confirmed for this speces This
study aimed 10 investigate the role of relative humidity or waer vapour a5 a general cue for inducing gravid An
gamblae sensw srico 1o make orentated movements Towad s the source
Methods: Three expesments wene camed out with insecan-reared An, gamblae 11 One with unfed males and
e with gravid females dusng their paak ovipositon time in the eafy evening. Firs, unfed females and gravid
females were tested separately in still air whene 3 humsd iy d fference was established berween opposte ends of a
WHO bioassay tube and mosquitoes lkeased individually in the cente of the wbe Movement of mosquitoss 1o
ather low or high humidiny was recorded. Additionally, gravid mosquitoes were relassed inio a lamger air-flow
olfsctometer and esponses measured Twvards coliecrion chambers that conmined oups filed with water or empry cups
Results: Linfed females equally dspesed inthe small bioasay tubes 1o amas of high and low humidiny fmean 50%
{95t confidence inerval () 38-62%) In contrast, gravid females wene 24 times 5% 113447 mom lkely 10 move
1omarcks high humidiny than unfed Emales The resuls wene even mae pranounced n the aifiow ofactomeer Gravid
females wer 106 tmes (95% 0 54-208) maore lkely 10 enter the chamber with water than a dry chamber
Comdushens: Water vapour & a SIrong pre-owvipositon attectant to gevid An gamblae . in still and moving airand &
tely 1o bea general cue wed by mosquioes for locating aquatic habitats

Keywords: Anopheles gambine, Oviposition, Water vapour, Gravid masquitoes

Background

Anophaes pambiae sowu stido and Aropheles arabiow i
are the two major vectors of makria in Al Their pri-
mary krval habitats am commonly described 2 small,
temporary, open, sunlit pools [1,2] vet this is 2 gross over-
smplification of the types of habitat actually colonized by
these musquitoes [3]. In reality, immature stages of both
species can be bund in an enormous diversty of squatic
habitats and it has been difficult to charscterine these sibes
with precision [47]. Semi- permanent water bodies are fre-
quently 2 productive or even more productive over time
than the small min-fled puddles that are offen only

* Comespondonce: Lllingong rhisidpe.ong
Yocdpa-Thawrs 5 Ol Carnpas;, Wi, Korwe

Tieoa s Cortrd DoparmadT, Lorckan Sdhond of Hygiore & Troghcal
Meddire, Lomdon, LUK

Rl Bz o auchor indorrarion & sallabie oo e ond of dha ardde

() ioMed Central

il it i Gy el

abundant during the miny ssason [5-7). Neady every type
of water accumubtion, apart fom excessvely polluted
smelly water, may cmbin anopheline brae [3-58-11]
The presence of brvee in 2 water body i thought to be
the remlt of 2 combination of the egg-bying choice of
gravid lemales that deposit their eggs in waber and the aur-
vival of larvas in those habitats [12], although the cues that
guide the gravid females chiice are not well understood.
The att rectivenes of field sites may be due to general
characteristics and cues such a5 their rebtive pasition in
relation to the mesting site of gravid females, visual cues
Troom thesse sites and the presemce of water vapour plemes,
s well s mome habitat-specific chemical cues released
Troom water bodies serving 2 semiochemicals which indi-
cate the suitahility of an aquatic habitat [1.13,14]. Although
syme putative semicchemicals have been sugge sted based

st Ll Ths b ot ot dntvs ik clitvibsodtind indin' T v of i Gt
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o couped gas o araphy-slect gram de-
et [15—1?1. tor date, no semiochemical has been com-
Brmed to aflect the behaviour of gravid An pambiae sl
signal emanating fom 2 potential brval habitat and al-
though one might expect that gravid An pambiae 2l de-
tert and mespond to water vapour in their search for an
Brmed for this species.

The present study set out to investigate the roe of
water vapour in the preovipsitioal behabour of
An. pambiae 55, which results in ardval ot potential ovi-
pmition sites [14]. Two separate choice tests wens uwsed in
sx wene compared wsing still air in cages connecied to
WHO bitesmy tubes, in the second test grvid kmale re-
sponses wers tested wsing moving air in 2 newly designed
girlow olfsctometer. In both astems An gambiae sx
were rovided with a choice of moving towands an area of
low or high humidity withiut visml cues or access to the
warber sow e,

Methods

Study site

The study was carried out at the Intemational Centre of
Insect Physiology and Ecdogy, Thomas Odhiambe
Campus (icipe-TOC), Mbita, on the shomes of Lake
Vietoria, Kenmya (00 26 06197 5, 34" 12" 53.13°E; 1137 m
abwve sea level). This are is characterized by an equator-
ial tropical climate with 2n average minimum temperaturs
of 168C and an aversge maximum tempersture of 287
The area experiences two miny sexsons the long rainy
smon between March and June and the short rainy
sexnon between October and  December. The averags
annual rainfall for 20002012 was 1436 mm (icipe-TOC
metearological station).

Msguitoes

Insectary-reared An pambiae sz (Mbita strain) wens
used for all experiments. Five-days-old s wers se-
colony cages where they had been kept in groups of ap-
proximately 300 males and 300 females in 30x< 30 = 30
om netting cages and provided with 6% glucose soution
ad [ibitwm. These females never had 2 bloodmeal and
are themsfore refered to as unfed females. Gravid mos-
quitees were prepared by tmnderding 150 female and
150 male mosquitoes, aged two days dd, in 30 =30«
30 em netting cages and provided with 6% glheose sdu-
tion ad [ilten ot 25-287C and a relative humidity be-
tween 68-75%. Saturated cotton towels, 5025 em in
amea, were [olded and placed over the cages to avoid
mosquite desiccation. Mosquitoss wers starved Fom
sugar for seven hours and allowed to feed on 2 rabbit for

FageZof &

15 minutes on day two and thres post-emergence and
rested fr a further two days before wse. Thus fve-days-
old gravid females were used for experiments.

Water

For all experiments, piped mon-chorinated water pumped
Troam: Lake Victoria was wsed. The water was passed slowly
through a keally made snd charcoal gravel Blter for puri-
lication. Briefly, two 50 L buckets were placed on top of
each other. The lower bucket’s lid contained a hole and
the upper buckets loor wes perforated with small holes
o the Bltered water to pass theough to the lower bucket.
The upper bucket contained three layes of gravel, acti-
vated charcoal and sand. Tap water was poured into the
tonp o the upperbucket and run slowly theough the byes.
The aim was to remove bge and small particles from the
water including the majority of algse and bacteria. The
puerifed water is referred toas “Gliered tap water”

In the two bioassays described below it is hypothesized
that the tap waber was attractive solely because of the
pcremeud.'w:bu' wnﬂwmmﬂum
contained an attractive semiochemical This ssumption is
basmed on a preliminary experiment, that was implemented
comparing the oviposition esponse of An gambiae 55 to
filtered tap water and doulle-distil led water. A description
of the experiment and results can be found in Additional
file 1. Gravid females did not have 2 sgnificant preference
o either flbered tap water or distilled water.

WHO-tubse bioassays
Choice tedts wer carried out in the labomtory under
ambient conditions Matural moonlight came fFom a
window located 2 m foom the set-up. For each choice
tﬂ-t.ﬂu'u‘m’l'[ﬂlﬁ.m:yhﬁﬂ.ﬂch llun]mlg_[lﬂ-]
wen connected together with open'close gates betwesn
the inner and outer tubes The two outer tubes wen
inserted lor approcimately & cm into small mosquite cages
measuring 15x 15« 15 em. Cages were wrapped in com-
memsially available kitchen cingfilm (Figure 1) In one
cage, 25 ml of sl gel desicoating crystals were spresd
evenly over the bottom of the cage, with dry flier paper
covering the crystals. In the other cage, the e were no des-
iocating erystals and the flter paper was dampensd with
25 ml of fhered tap water. A 15:x 15 cm wire screen was
fived 5 cm abowve the bottom of the cages to prevent maos-
quitoess rom meking direct contact with the substrates.
There were sight identical set-ups, amanged along 2 tahle
10 em apart, with the high and low humidity ends being
alternated between each set of tubes. In the fimt of these
wight set-ups, data loggers (Tinytag, TVAS0D) wer plhosd
in the two cages toorecomnd the relative humidity. A sngle
An. gambiae 5.5 (Mbita grain) was ploed in the middle
tube at amound 1800 with the gtes opened by 2 mm (not
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Figure 1 WHO tube bioassys to obsers mesponse of ndividual gravid Anopheile biae 5.5 towards high or kow humidity.
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exchange of zir within the central tube and the connected
cagees belore the gates wene completely opened at 1830
alloawing the mosquito to move fresly from the tubes into
the cages. This experiment was implemented with wnksd
andd gravid females of the same age. At 1900 the pasition
of each musquito either in the middle tube or in one of
the two cages was reconded. The gates were chosed at
2130 and musquitoss again counted in esch cage or mid-
dle tube The time period for obseration was chosen
based on preliminary experiments that have shown that
ot ol 120 individual gravid females tested (5 rownd =« 20
females) 95% (1141200 of the ksl inssctary-reamd An
pambiae cx (Mbita strain) laid all their eggs befome 2130,
which is similar to the time reported for the same strain
previousy [19]. Experdments were done with sight mos-
quitees each evening on nine occasons with unfed fe-
males and with gravid females (total 72 per physiological
stage). During the experiment with unded femades fur es-
from the analyses, smilady when implementing the experi-
ment with gravid females six females wers found desd in
ﬂumvﬂhmhmidmmhlhdﬁmnﬂumﬂ]}sn.ﬂme-
e 2 ozl of 68 unfed and 66 gravid Ar. gambiar sx wers
tested. This smmple sire was sufficient to detect 2 33% in-
crease in the attractivenes of humid air §i e 66.5% colleckd
in the humid air cage compared with the 50% mul hypoth-
esis) 2t the 5% level of sgnificance and 80% power (infer-

Airflow difsctometer bioassays

Three diml port aiflow olfsctometens were used to sudy
the reguonses of gravid Arn pambiae sx to flered tap
water (Figure 2). Each tunnel measured 400 100 < 30 cm
compartment for relexsing the mosdquitoes and two identi-
cal trapping chambers (200 20 < 30 em each). Two fans
(dameter § cm, & V computer casing fans (Molex, China))

drew air thrmugh the trapping chambers into the e
compartment at 048 mis. Batches of 100 grvid An
pambiae t& females wers intmoduced 2t 1820 by inserting
2 10 10x 10 em cage into the underside of the e
compartment. At the same time the fans wer switched
o Mosquitoss acclimaied for 10 minutes and wers then
released by carefully opening the cage at 1830 Mosqui-
ide funnel int a tapping chamber. Altemative trapping
chambers of each tunmne| wers baited with gither an empty
of cup Glled with 100 ml of filtered tap water. Prior to any
experiment glas cups were autoclaved and heated after-
wards in an oven at ANFC for at least two hours to dd
them of pssible odomnt contamination and baceria. Mos-
quitoes trapped in the chambers and thise that remeined
in the relesse compartment were counted at 0800 the
darknes, at ambkent cond Goms {Z"-Zﬂ-'f. HT% melathe
humidity) in 2 meom without 2 window.

Responses of gravid An pambiae 5.2 were compared
for thres different trestments in an olbotometes (1)
both chambers contained dry cups, (2) both chambers
contained cups Blled with water, and (3) one chamber
contained a dry cup (contra) and the other 2 cup with
water (test). In all cases cups were randomly allocated
= contml’ or ‘test” (even il the same treatments wers
provided) to the two chambers to help faclitate the
amalyss

Ezch treatment was replicated 24 times (the ‘test’ cup
of each treatment was keated in each of the chamberns
of each of the three olfsctometers bur times) in onder to
estimate the variability in responses so that smple size
cakeulations could be done. Power caleulations were based
omn the formub from Hayes and Bennett [21] for compar-
ing proportions of custered data When gravid lemales
mprmu&ndw:ﬂ\ﬂuﬂ:]h’ﬂhnﬂﬂ:mhﬂidﬁntlﬂ':.
24 replicates msulted in 2 similar propartion in each
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Releaxse
cup

chamber (pl =0.5) The varizbility of the nightly catches
was used to caleubste the cosffcient of varation (rto of
standard deviation/mean), which was high at 033 Assum-
tering one or the other collsction ¢hamber, 24 replicates
ineach arm (pl and p2) can detect an increase or decrase
in the catch rate of 2% (p2 = 0.7) with 9% power at 2 5%
significance level. Dota oggers (Tinyeg TVE50M) wens
pleoed in the two collection chambers and the mless
compartment e three nights in each of the three treat-
ments to mexare rebtive humidity.

Statistical andlysis
[eta were analysed using genemlized linear models
comparing the mean pmportion of female mosquitoess
responding to the test cage or the test compartment. Re-
sponses of non-fed and grovid females towards the humid
cage were compared in W HO- whe bicasays Odds ratios
were caleulated in reference to the rsponse o non-gravid
females In the aidlow olfzctome ter bioasays responses of
gravid females towanls the thres different experimental
treatments (dry-dry, water-water, dry-water) were com-
pared. Oudids mtios wers cleubted in refernce to the wet-
treatments, the olfactometer (A, B, C) and the collection
chamber [left, right) were entered 2= Gxed fotos to esti-
mate their impact on the outoome. Since the data wens

wsed Mean proportions. per treatment and their 5% Cls
wers caleubted using the parameter estimates of the
madels by removing the intercept from the models Al
amalyses were done with R statigical soltware versom
2142 [7].

Resubts

WHO-tubse bioassays

At the time when the gates of the WHO tubes wens
around 12% between high and bow humidity cages Hu-
midity dowly decressed in the low cage and increased in
the high humidity cage over the next two hours and the
difference reached 2 maximum of approcimately 49% at
200, with 2 mean reltive humidity of 54% (%% C1 53
568} in Jow and 7% (95% T 95-99%) in high humidity
cages (Figure 3). Average emperatures during the exper-
ments ranged between 27 and 28C. Conditions were simi-
lar im bvth ex periments with unfed and gravid females.

At 1900, hall an hour after the gates wens opened,
6l of the non-fed mosquitoes and 72% of the gravid
maosquitoes remained in the middle tube; 29% of the un-
fed mosquitoes moved to the low and 11% to the high
humidity cages. Gravid females had moved only in small
and smilr proportions to the lbw and high humidity
cages (Figure 4.

Unfed females showsd mo preference for any of the two
conditions provided (Table 1, Figure 4). When gates were
chosed 2t 2130 hall of the wnfed females had moved in the
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Figure 3 Aserage humidiy in high and bow humidity cages in
tube oamcays

high humidity cage and the other half sither remained in
the middle tube (9%) or moved into the low humidity cage
(M%) In contras, g—.nml females were 2.4 times maoms
likely to muwe to the high humidity cage than unfed fe-
meles (Table 1) Al ;p-.n'ld. females had moved out of the
middle tube at 2130 and on average 71% of them had
moved into the high humidity cage.

Airflow disctometer bioassays

Differences in rebtive humidity betwesn areas with and
without water were kwer in the aidlow olfactometer ex-

periments than in the cage experiments Relative humidity
was on average 2% higher in chambers that contained
water than in amaes that did not (oollection chamber and/
or relexse compartment). Nightly relative humidity in col-
lection chambers containing water was 91% (%% C1 90-
92%), the average rebtive humidity in dry relese com-
partments or dry chambers was 71% (95% C1 69-72%).

Page Sof 8

Table 1 The mean percentage of gravid Anopheles
gaombine < attracted to the test cage in the WHO-tube

bicasays and to the test compartment in the airflow
offactom eter bioassays

Experim et Mean perentage  Odds @i [
TRt %) b test (95% O {95%C0)

Regponse wwarnds high humidity cage ftes in WHOwbe
oy at 2130

Maorrfied Fermales 50 (FEET)
Crvid ferrales TIEEE  Z4{1347 OmE

Aflow oifacinmews bioessys with grasid An. gamblae 55 in
three eqparimen &l tratments

e oonmol) v S (B

wWet ()

Oy fomrend) v dey faesT) 50 (=T aEm3-1%) ome
Dy (oonmof vs 93 ESE 106 S4ADE) <Qml
Wt (8]

= ceraifcla e i vl
T oo redel P e e o il mat.

The temperature did not difler between collection clam-
bers and relesse compartments irmspective of the trat-
ments and was on average 2770 (95% C1 27.2-2797C)
during the 24 nights o experiments.

High responses of gravid females were reconded in the
experimental treatments that presented water in either
g o both collection ©hambers of the obBeometer (me-
dizn of 63-83%, n=100 per oBcbometer o peimental
unit). In contrast, when no stimulis was provided only 2
median of 9% of the mosquitoss rsponded by Dying up-
wind in any of the two chambers whilst the rest remained
in the release compartment (Figure 5).

When presented with an identical treatment the gravid
lemales appmached both colection chambers in sgqual
proportion (esimated ratio 1:1) whikt on average 9%
of the gravid females chose the chamber with water (es-
timated matio 1:11), when the other was dry (Table 1) ir-
respective of whether the test cup was presented in the
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Figure 4 Mean peoportien of females jenmor bars= 5% oonfidan oz intersals) resting in nelease jmiddie tube), low or high bumidity
Cge at start and end of experiment with Anopheles gambioe 5.5, in wbe bioassays. Mo fed fenales () and gavid famales (8]
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left or right collection chamber and imespective of which
dﬂwﬂuﬂuuﬁmﬁﬂswstmdﬂwﬂietﬂt{hrth
Bctors were not sgnificantly related to the outcome).

Discussion

Here evidence is prsented that gravid An pambiaes sx
move from lower humidity towards higher humidity.
This has been shown at short distances of 15-20 em in
aill air and along an air stream o moving water vapour
towards an ama of higher humidity ot longer distances
of about 60 em. Whilst one cannot be certain that gravid
males are attracted to water vapour, since they could
b repelled froom drier aress, it is more likely that attract-
ivenem of water vapour was responsible for the srong
rmsults observed since the relative humidity in the low
}rmnidﬂ'ptﬂmm:dﬂmmmﬂMw}ﬂ;hi:
amilar to the relative humidity of their msting plces
[23.24]. This is supported by the msulis with unfed fe-
males, which did not show any preference fir moving
into the higher humidity cage compared to the lower
humidity cage. Mevertheless, it has been shown with all
physiological sages that individuals can odentate to
water vapour plumes or humidity differences much in
the sme way that 2 mosquito locates 2 host [25). Eady
studies indicated that in Asdes aepypti humidity receptors
wers present on the antennse of females [26]. In Arogh-
eles atraparie the hygmrecepiors were located on the
distal segments of the antennse bearing most of the
grooved pegs [27]. Recent studies with An gembiae sx
have confirmed that more than half the grmooved pegs on
the antennse increase their firing rate in the presence of
water vapour and that some respond to bw humidity,
suggesting that these meceptors phy 2 mle in humidity
peroeption [28]. Whilst it hes been shown that humidity is

PageGof &

important for the survival of musguitoes [29], a dear dil-
ference in the behaviour of unfed and gravid kemales was
d rated in the p | WHO tube experiments.
The strong msponses olserved in gravid mosquitoss to-
wards moving to aress of very high humidity is likely to
increxse the reprmductive succes of females, since they
are more likely to Gnd an agquatic habitat that might serve
s a2 potential ovipasition site, and would therefre be an
adaptive trait selected for innature

In the tube bivemay, only 2 small menber of gravid mos-
quitoes left the central holding tube immediately afier the
remained static long enough for detecting the humidity &1
diflerence in humidity wes only around 12% at the time
when the gates were opened and no sidlow was created.
However, at the end of the peak oviposition period 24
times more mosquitoes had moved into the humid cage
than the drier one whilst the response of unfed fermales was
similar towards the two testments

The attraction of water vapour is demonstrated cleady
with fres-lying mosquitees in airfllow  olfschometers.
Here seven to eight times more gravid mosquitoes wen
Tonenad in the ol lection chambers when one or both cham-
busmmmmhrﬂ\mmdrp.Fm
when given 2 choice betwesn one chamber oontining
water and one that i dry, 11 times more gravid females
were collected in the chamber with water, The upwind
Night was probably gimubied by moist air. It is most likely
that the grester attractivensss of water vapour in 2 wind
tunmel than in the tubes was 2 msult of moving moist air
in the tmnel compared with the relatively still air in the
tubses. Whilst the evidence presented here shows the at-
traction of water vapour over mhtively short distances,
previously published work provides support that water
vapour might attract females over several metrs. Dugase
ef al demonstrated that when grvid An pambiae sx -
males were released into 2 large screened semi-field sstem
the attractivensss of a rellecting surbee was incressed by
6% when presented cdose to water compared with when
it was presented without water [30]. In this case females
travelled at least 5 m from the melesse paint to the ste
where they were collected. Amoplreles pambiae is highly
sengtive to subtle changes in moistre = seen when
sdecting moist sites fbr ovipositing [31].

It cannot be totally excluded that chemicals other than
water were meleased from the tap water in the sxperi-
ments described in this paper, since water purification
with chamcmlsand filters does not completely serlize
the water or memove 2ll chemicale Nevertheles, the ob-
served attraction was very strong, especially in the airflow
olbctometers. I this was besed on semiochemicals released
from the tap water an effect should have been dhserved to
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water with double-distilled water. Hn'mu'.:int}bucu]l:’.i-
ments only 2 very dight and insdgnificant preference for the
tp water was recorded (Additional file 1)

The present work supports the conclusion made by
Kennedy that “water vapour emanating from a sudace
plys an important part in evoking pre-ovipository re-
sponses in mosquitoss (Arn atmparis, Ae asgypli and
Ciddex molestus)’ [32]. He also recognized the importance
of moist air curents to activate movement and help
with orentation which ‘very prolably pay an important
part in water-Bnding in the feld’ Such conditions existed
in the dbcometer sxperiments. The question arises il

Fage 7 of &

airstreams of water vapour at the time of night they e
actively seeking 2 site to lay their eggs. implicating water
vapour a8 an important pre-oviposition attractant. More
mesearch is nesded to address: (1) how water vapour is dis-
tributed over the landscape, (2) whether it asssts gravid
fermales in becating potential squatic habitats over longer
distances, and, (3 how it interacts with other pre-
m'ipoen'ﬁmicus.dﬂ'hu'v'mn]w&buwi:].

Additonal file
At el Bla 1: Cage b siPrg e il
ol A bt be bic 54, 1 Bheeed p waler amd

mavigate through the bmdscape The pattern of water

ﬂld_l'i-w&iumm BT s
backgnoird, et and reads of the eqerimons.

\Wmt}zmmh}@\]}-]ﬂbﬁ" L5,

[33]. The authors are not aware of mseanch that hes been
conducted that desoribes the distribution, movement and
concentration of water vapour at dusk in the savanna -
gions of tropical Africa at less than one metre abaove the
gmound: the emdiromment encountersd by grvid An
mbiae seaching for 2 water body in which to by their
eggs. Such mseanch is likely to provide further insights into
the: pre-oaviposition behaviowr of this important vector.
Water vapour is likely to be 2 general attractant for all
masquite species wiatever their ghysioksical status and it
guiding gravid An. pambige s 5. to an ovipositon s Water
vapour has been shown i attract host-seeking mosgquitoss.
[13] and inedosor- pesting mosquitees [3]. For host-seeking
mosquitoss water vapour can indicate 2 human host, and
for resting i it provides an envi ent when:
the insect is kess likely to dehydrate and die, so increasing
ﬂ:c}mmo{m&v:l!\lﬂeﬂ]td::.ﬂ:mﬂbpmmﬁﬂ]
here clearly show 2 difference between the msponses of
unifed and gravid femal ls water vap g e ting
that it is an important cue for 2 gravid mosguito locating
2 potential water body, though it clearly cannot be the
only one. I it was the only cue mosquitoss would accu-
mulate in lage bodies of water like bkes rvers and seas
habitats inimical to their sundval Water vapour is likely
to work in 2 synergistic manner with visual cues possibly
over 2 longer range [35] and with semiochemicals attrac-
short distances [14153637].

Condusion
Gravid mabria vectors nesd to find suitable water bodies
for their aquatic lile stages to develop. Water cons thy

prolebly the major chemical signal emanating fom a po-
tential brval habitat. This study demonstrates that gravid
Ar pambiae sz move into 2 res of high humidity or along
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Abstract

Background: Insight into the oviposition behaviour of malaria vectors in Africa could lead to
strategies that target gravid mosquitoes for monitoring and control. However, cues that guide
gravid females to these sites are not well understood. This study aimed to develop a bioassay
system that can be used to analyse chemical attraction of gravid Anopheles gambiae sensu
stricto.

Methods: BG-SentineI™ mosquito traps that utilize convection currents to release odorants were
modified to contain aqueous substrates. Two-choice tests were implemented within an 80 m?
screened semi-field system where 200 gravid females were released per experimental night.
Choices tested were (1) distilled versus distilled water (baseline) and (2) distilled water versus
soil infusion. To study the effect of salting-out of volatile chemicals from the aqueous solutions,
we also implemented tests with 150¢/l NaCl added.

Results: When both traps contained distilled water, 45% (95% confidence interval (Cl) 33 —
57%) of all released mosquitoes were trapped. The proportion increased to 84% (95% CI 73 —
91%) when traps contained soil infusions. In choice tests, a gravid female was twice as likely to
be trapped in the test trap with soil infusion as in the trap with distilled water (odds ratio (OR)
1.8, 95% CI 1.3 — 2.6). Furthermore, the attraction of gravid females towards the test trap with
infusion more thantripled (OR 3.4, 95% CI 2.4 — 4.8) when salt was added to the substrates.

Conclusion: Minor modifications of the BG-Sentinel™ mosquito traps turned it into a powerful bioassay
tool for evaluating the orientation of gravid mosquitoes to putative oviposition substrates using olfaction.
We provide evidence that gravid An. gambiae s.s. are attracted to and can be baited with odorants and water
vapour over several meters.
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Introduction

Malaria still causes considerable human morbidity and mortality in spite of concerted control efforts that
have resulted in its steady decline inthe last decade [1]. Effective interventions need to be scaled up [2] and
new approaches added to the armamentarium for controlling the disease and its vectors [3,4]. The two front-
line interventions for controlling malaria vectors in Africa, long-lasting insecticidal nets (LLINSs) and indoor
residual spraying (IRS), have exploited the indoor resting and host-seeking behaviour and the susceptibility
of vectors to insecticides. These led to a major reduction of 29% in malaria cases worldwide [2] justifying
efforts to scale up LLINs and IRS. However, because of the growing problem of insecticide resistance
[5,6,7], changing vector behaviour [4,8,9,10] and increasing importance of outdoor-biting vector populations
[4] the effectiveness of these may be compromised and additional strategies required.

Mass trapping of gravid mosquitoes using synthetic attractant baits offers an exciting possibility for an eco-
friendly, sustainable complementary strategy for monitoring and controlling disease vectors. Such strategies
target mosquitoes that rest and bite both indoors and outdoors irrespective of their state of insecticide
resistance. Extensive behavioural and chemical ecology studies on host-seeking members of the Anopheles
gambiae species complex (including Anopheles gambiae sensu stricto (s.s.) and Anopheles arabiensis)
which are the primary vectors of malaria in sub-Saharan Africa, have led to considerable progress towards
identification of odorants from skin emanations of humans and other primary blood meal hosts [11,12] and
host plants [13]. These volatiles have been incorporated into baits and tested in traps [13,14]. In contrast,
very little is known about the cues that gravid females of these species use to find and orientate towards an
aquatic habitat to lay their eggs. Whilst a range of physical and chemical cues associated with the agquatic
habitat have been suggested [15,16,17,18,19] empirical evidence is scarce and restricted to cage and
electrophysiological studies not least due to the lack of appropriate bioassay tools.

Malaria vectors bite human hosts for vertebrate blood that they require for ovarian development. The
malaria parasite (Plasmodium sp.) inadvertently imbibed with a blood meal will require at least eight days to
complete the sexual stage within the mosquito [20,21]. In theory, this period is punctuated by two or more
oviposition cycles; a period when gravid mosquitoes look for suitable breeding sites, lay eggs and
recommence the search for new hosts to bite for blood [22]. Targeting gravid vectors while they forage for
aquatic habitats for their offspring would thus conceivably provide an effective approach to prevent the
ultimate infective bites of parous mosquitoes and reduce overall vector population densities. Relevant
oviposition cues that malaria vectors use to detect, find and evaluate potential breeding sites could be
identified and
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exploited in various attract and kill strategies by luring them either into traps or to insecticides
[23].

Laboratory evidence shows that gravid females of the An. gambiae complex discriminate
between different oviposition substrates. They are able to detect substrates with different levels
of moisture and relative humidity [24,25] and the presence or absence of bacteria [15,26,27]. A
recent study demonstrated that at short-range gravid An. gambiae s.s. canavoid or select
substrates using olfactory cues [28]. In another comparable laboratory study one synthetic
odorant, 2-propylphenol was shown to increase the egg-laying rate of An. gambiae s.s. in cage
tests [29]. However, to the best of our knowledge there is no published evidence to date that
gravid females of the An. gambiae complex orient towards a suitable aquatic habitat over a
distance of several metres using attractant chemical cues.

The aim of the present study was to developed a simple bioassay for measuring olfactory
orientation of gravid An. gambiae s.s. in the semi-field and evaluated the response of gravid
mosquitoes to soil infusions previously described [28] to increase the egg-laying rate of these
species in small experimental cages.

Materials and methods

Study site

The study was done between March 2013 and February 2014 (time of sunset between 18.30 h
and 19.00 h) at the International Centre of Insect Physiology and Ecology, Thomas Odhiambo
Campus (icipe — TOC) at Mbita on the shores of Lake Victoria in western Kenya (0° 26’ 06.19”
S, 34°12° 5313 E; altitude 1,137 m above sea label). This area is characterised by a tropical
climate with temperatures ranging between a mean minimum of 16°C and a mean maximum of
28°C and two rainy seasons each year between March and June and October and December.

Mosquito preparation

The Mbita strain of An. gambiae s.s. reared at the icipe -TOC mosquito insectaries was used for
all experiments. Temperature and relative humidity in the insectary varied between 25-28°C and
68-75%. About 300 female mosquitoes held in a 30x30x30 cm netting cage with an equal
number of males ofa similar age were provided with two blood-meals on two consecutive nights
froma human arm. Mosquitoes were starved for six hours before the blood-meal, which was
offered for 15 min at 19:00 h. Mosquitoes that remained unfed after the first blood meal were
removed from the cage. A piece of cotton (50x25 cm) saturated with distilled water and
positioned on top of the cage ensured that mosquitoes remained hydrated throughout oogenesis.
Mosquitoes were left unattended for two days after the second blood meal except for changing
the 6% glucose solution provided as energy source and saturating the cotton on the cage with
water twice a day. Gravid mosquitoes were selected through visual inspection on the third day.
Females were presumed gravid when they had an opaque and pale distended abdomen.
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Two-choice experiments

Two-choice experiments were implemented under semi-field conditions (i.e. ambient
temperature, humidity, light conditions) ina large netting-screened (black fibreglass gauze
1.7x1.5 mm) structure; 6.8 m wide and 10.8 m long (semi-field system; Figure 1). A netting
ceiling was stretched across the cage 2.4 m above the ground (176.3 m®). The floor was covered
with sand to a depth of 50 cm. The rectangular floor plan of the semi-field system provided for
four possible trap positions. Each position was arbitrarily set in each corner 1.4 m from the
nearest adjoining walls (Figure 1). Sites along the shorter walls that received approximately the
same proportion of mosquitoes in preliminary tests (data not shown) were paired up (site 2 + 3
and site 1 + 4; Figure 1). The pair and the position of the control (trap A) and test treatment (trap
B) were randomly assigned for every night of an experiment. Two hundred gravid An. gambiae
S.s. mosquitoes were released into the semi-field system at 17:30 h near the opposite shorter wall
of the greenhouse, 9 maway from the two traps. Previous cage experiments [25] showed that the
local mosquito strain has its peak oviposition time early in the evening before 21:30 h. To assess
the proportion of gravid females that respond within this period the trapping chambers of the
traps were changed at 21:30 h and the second pair retrieved at 08:00 h. This allowed tallying of
the number of mosquitoes that were trapped with each treatment before 21:30 h and between
21:30 — 08:00 h. Each experiment was carried out on 12 nights based on previous sample size
considerations [30] so that trap A and B were in each possible location three times. With this
sample size an increment of 20% in the trap rate could be detected with 80% power at the 5%
significance level.

Modification of the Biogents (BG)-SentinelI™ mosquito trap into a
gravid mosquito trap

We chose to modify and test the commercially available BG-SentineI™ mosquito trap (Biogents,
Regensburg, Germany). This is an odour-baited trap that was originally designed for mass
trapping of host-seeking virus vectors like Aedes aegypti and Aedes albopictus using a chemical
lure based on human body emanations [31,32]. One of the advantages of the trap is its size
‘which is large enough to incorporate additional attractants such as fragrant substances, small
living animals, worn clothing, animal hairs, light and heat sources’ [33]. The trap consists of a
collapsible, white fabric container with white gauze covering its opening. The trap is 36 cm in
diameter and 40 cm high. In the middle of the gauze cover air is sucked into the trap through a
black catch pipe by an electrical fan placed at its end. This draws approaching mosquitoes into a
catch bag. Consequently, the air exits the trap through the gauze, generating ascending currents.
The aim here was to include attractive oviposition media in the trap and to evaluate its catching
efficiency under semi-field conditions. All oviposition sites of Anopheles mosquitoes are aquatic
(or at least water saturated) and recent wind tunnel experiments suggested that water vapour is an
important oviposition attractant for gravid An. gambiae s.s. [25]. Consequently, the BG-Sentinel
was modified to hold 4 L of aqueous test substrates by inserting a tightly-fitting black plastic
bucket (Pride, Mombasa, Kenya) 34 cm high and 30 cm inner diameter into the white fabric
container. Since An. gambiae s.s. mosquitoes rarely oviposit in container-type habitats, the entire
trap was dug into the ground leaving only 1 cm of it above ground (Figure 2).
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Assessing the catching efficacy of the modified BG-Sentinel gravid
mosquito trap

To evaluate if and how effectively gravid An. gambiae s.s. are attracted to oviposition substrates
contained in the traps and to generate a baseline for comparison, an experiment was carried out
where mosquitoes were presented with two traps with identical substrates. Both traps (trap A and
B) were filled with 4 L of distilled water (Buyimpex Agencies LTD, Kenya), with the position of
the traps allocated randomly.

Analysing the response of gravid Anopheles gambiae s.s. to 6-day old
soil infusions

Recently, a positive oviposition response of gravid An. gambiae s.s. to a six-day old soil infusion
made from water mixed with soil taken from a natural breeding site located at icipe- TOC was
demonstrated in cage egg-count experiments and chemical cues suggested as the reason for this
response [28]. However, egg-count experiments do not provide information on the nature of
these chemical cues, which could either be volatile and attract mosquitoes from a distance or
could be less volatile and act as contact stimulants [26,34]. Here, the same soil was used to
prepare infusions in the same way as before [28] and tested with the BG-Sentinel gravid
mosquito trap. The silty clay loam top soil was dug from the same location as described by
Herrera-Varela et al. [28] within the icipe-TOC compound and sun-dried for 24 hours. Three
litres of dry soil were thoroughly mixed with 15 L of distilled water ina 20 L plastic tub and left
undisturbed at ambient conditions, but protected from rain for six days except for daily water
top-up to compensate for loss through evaporation. Throughout the six days the tub was covered
with mosquito netting. Just before the experiments the infusion was filtered through a cotton
cloth to remove large soil particles and small debris. Exactly four litres of the soil infusion were
compared to an equal volume of distilled water in choice experiments in the semi-field system.
Fresh batches of infusions and distilled water were used for every experimental night.

Testing of the impact of salting-out of volatile chemicals from
infusions on gravid female attraction to traps

Laboratory studies have shown that the addition of inorganic salts to aquaous solutions can lead
to a higher release of volatile organic compounds into the headspace of the solution, an effect
that is known as salting-out [35,36,37,38,39,40,41]. For instance, Mozuraitis et al. [42] showed
that the amount of volatiles detected in the headspace from oestrous urine of mares increased
eight times when the urine sample was saturated with salt compared to samples without salt.
Here we aimed at testing whether we could increase the attractiveness of the soil infusion by
adding sodium chloride (NaCl). Following published data on salt concentrations [42], we
implemented a preliminary experiment were we slowly added 45g of NaCl to 300 ml of soil
infusion (150¢/L) in a glass beaker and stirred to dissolve at room temperature. At this
concentration small amounts of undissolved salt were observed to settle at the bottom ofthe
beaker. Hence, for choice experiments, we added 150 g NaCl per litre of the test substrates (600
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g/4 L) and stirred to dissolve 10 - 20 min before the onset of experiments at 17:30 h. Two
experiments were implemented. First, choice tests were done with distilled water versus soil
infusion, both with NaCl. Second, the attractiveness of soil infusion without NaCl was tested
against soil infusion with NaCl.

Data analysis

Data were analysed with generalised linear models with a binomial distribution and logit link
function fitted to compare the probability of gravid An. gambiae s.s. being (1) collected in the
test trap (trap B) compared with the total caught in both traps (trap A + trap B) to show substrate
preference; (2) collected in both traps out of the mosquitoes released (response rate); and (3)
collected in both traps before 21.30 h out of the mosquitoes collected during the night (early
responders). The underlying hypothesis of a choice bioassay is that when two equal choices are
presented the response towards these choices is similar with odds of success of 1:1 (baseline or
control). We expect that if an oviposition cue is presented that is either preferred or avoided by
gravid females we will see a statistically significant diversion from the baseline. Consequently,
the assay with two equal treatments served as reference. Initially, the trap location and the pair
(wall) were included as fixed factors in the model to test for main effects and interactions. Since
there were no significant associations with the outcome, these variables were excluded from the
final models. The mean proportions of mosquitoes trapped in each treatment and their
corresponding 95% confidence intervals (CI) were calculated as the exponential of the parameter
estimates for models with no intercept included. Data analyses were done with R statistical
software version 3.00 with various functions contributed from the packages MASS, effects,
epicalc, multcomp, Ime4, gee, aod [43].

Ethics statement

Ethical approval for this study was obtained from the Kenya Medical Research Institute’s Ethical
Review Committee (Protocol no. 422).

Results

The modified BG-Sentinel gravid mosquito trap is an effective tool
for analysing oviposition attraction of malaria vectors under semi-
field conditions

When two traps baited with distilled water were provided in choice tests, 45% of the released
mosquitoes were recovered. Importantly, trap A and B caught equal proportions of the
mosquitoes, which validates the experimental design. Only about one third of all mosquitoes
were trapped before 21:30 h (Figure 3, Table 1).
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Soil infusions contain odorants that attract gravid Anopheles
gambiae s.s.

Gravid mosquitoes were twice as likely to be trapped in BG-sentinel gravid mosquito traps when
the test trap (trap B) contained soil infusion as when the test trap contained distilled water in the
bioassays with two equal choices. Moreover, adding NaCl increased the attractiveness of the
infusion; females were 3.5 times more likely to choose the infusion than distilled water. In direct
comparisons of soil infusion with NaCl to soil infusions without NaCl, gravid females were
nearly two times more likely to be collected in the trap containing the infusion with salt (Figure
3, Table 1).

The presence of attractive odorants in the semi-field system
increases the response rate of gravid Anopheles gambiae s.s.

When salt-saturated infusions were present in one of the traps it was 3.7-6.8 times more likely
for a mosquito to respond and be collected in either trap than when only distilled water was
presented in both traps (Figure 3, Table 1).

Odorant cues from soil infusions prompt early oviposition site
seeking in Anopheles gambiae s.s.

The presence of soil-infusion odorants doubled the proportion of mosquitoes that responded
before 21.30 h (Figure 3, Table 1).

Discussion

Minor modifications of the commercially available BG-Sentinel mosquito trap turned this trap
into a powerful bioassay tool for evaluating the orientation of gravid mosquitoes to putative
oviposition substrates using olfaction. The modified traps excluded any possible contact stimuli
or visual cues (e.g. light reflections from water) from the test substrates and showed a strong
discrimination effect enabling the detection of small differences (>20%) in the proportion of
gravid mosquitoes attracted to one of two competing substrates (odorant blends). The BG-
Sentinel mosquito trap is simple to set up and allows for rapid replacement of collection bags
making it possible to evaluate the response of gravid mosquitoes at different periods during the
night.

With this system we provide the first evidence that gravid females of the major malaria vector
An. gambiae s.s. can use attractive odorant cues over at least nine metres to locate and choose
between potential oviposition sites. Many studies have suggested the involvement of chemical
cues in the selection of breeding sites [15,16,26,28]. However, all of these studies were egg-
count bioassays done in small cages (30x30x30 cm) with gravid mosquitoes released directly
over test substrates. Consequently, none of the studies were able to prove attraction or describe
an attractant defined as cues that draws insects towards substrates [44,45], or discount
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stimulation. We show that odorants from the soil infusions reported by Herrera-Varela et al. [28]
attract gravid An. gambiae s.s.. Furthermore, our results show that oviposition attraction to
odorant chemicals is affected by the strengths of the cue, as shown from the salting-out
experiments. This observation is important if one wanted to use odour-baited traps for the
surveillance or control of gravid mosquitoes since this suggests that olfactory cues can be
manipulated to attract and mass trap gravid malaria vectors.

This study confirms earlier laboratory findings that gravid An. gambiae s.s. use water vapour to
locate breeding sites [25]. Previous studies were done in small, closed laboratory systems, free of
external odorants with standardized water vapour and artificial moisture gradients [24,25]. With
the bioassay, where both traps contained distilled water only, we provide evidence that malaria
vectors use water vapour to orientate to substrates in more natural and fairly complex chemical
spaces over larger distances. It is likely that water vapour is a general selective cue, but provides
no information about the quality of the habitat which might be the reason for the observed slow
and low response of gravid females. In the complex chemical space of natural ecosystems it is
unlikely that a species with such a highly developed olfactory apparatus should evolve to employ
water vapour as the major cue for selecting favourable water bodies. Water vapour and moisture
most likely indicate the presence of water bodies while chemical odorants enable mosquitoes to
assess the suitability of this potential niche.

Based on our findings we hypothesise that the soil infusions we tested contained at least one
odorant that prompted habitat searching in gravid An. gambiae s.s.. The odorant bouquet of soil
infusions evidently compelled passive gravid An. gambiae s.s. mosquitoes to fly towards the
potential oviposition sites, especially when the infusions were saturated with salt. This was in
contrast to the response when only distilled water was provided. A similar response has been
shown for host-seeking mosquitoes when exposed to carbon dioxide which triggers long-range
directed host seeking flight in otherwise inactive females of the An. gambiae complex [46]. In
nature such an odorant or collection of odorants would shorten the period for foraging for
suitable aquatic sites by gravid mosquitoes. Gravid mosquitoes would use less energy and reduce
the risk for mortality that is likely associated with prolonged habitat search and altogether
improve the odds for successful breeding.

This is the first study to exploit the principle of salting-out volatile chemicals to demonstrate the
potential use of NaCl in behavioural bioassays to manipulate the odour profile of organic
infusions. We show that adding NaCl to soil infusions increased the attraction of gravid An.
gambiae s.s. to soil infusions two-fold and the response rate three-fold. This adds proof that An.
gambiae s.s. respond to chemical cues in soil infusion. Whilst it can not be excluded that the
addition of salt affected the microbial organisms in the soil infusion and therefore changed the
chemical composition of the volatile headspace, the increase in attractiveness of the already
highly attractive soil infusion suggests that it is more likely that the addition of salt led to an
increased release of already present attractive odours. Numerous studies using a wide range of
inorganic salts have shown that these increase the concentration of volatile organic compounds
(VOC) inthe headspace above the salt containing solution [35,36,37,38,39,40,41,42]. The
presence of salt decreases the solubility of the VOCs which are pushed into the headspace. This
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effect is commonly known as the salting-out effect and can be quantified by the Setschenow
constant [39,47] which most frequently is positive (salting-out) but can also be negative (salting-
in) [48,49]. In preliminary studies (Lindh JM, personal communication) aimed at optimizing the
collection of volatiles in the headspace above water from mosquito breeding sites, which should
be similar in chemical composition to the soil infusion studied here, addition of NaCl increased
the amount detected of the majority of the compounds and pushed many previously undetected
organic compounds above the detection limit. This theoretically represents an inexpensive
advancement of harnessing NaCl saturated natural infusions to produce relatively inexpensive
baits for gravid malaria mosquitoes for use in gravid traps. However, at very high concentrations,
NaClwill corrode and quickly destroy metallic parts in the traps. More work might be useful to
evaluate if smaller amounts of NaCl can still improve the odour plume and reduce the damage on
the traps.

The high efficiency of BG-Sentinel gravid mosquito traps baited with NaCl saturated soil
infusions in collecting gravid An. gambiae s.s. suggests their potential use in the field as an
odour-baited gravid trap. The trap does not damage specimens, making it ideal for sampling wild
mosquito populations in studies that require intact specimens or requires mosquitoes to be
captured alive. The trap has been the subject of many explorative evaluations with host-seeking
mosquitoes [50,51] proving its versatility and effectiveness. This study now shows that with only
small modifications it has potential for collecting gravid mosquitoes too. If it can be exploited in
ecological studies or in vector control programmes needs to be evaluated in the field.

Conclusion

In summary we (1) describe an efficient bioassay tool and potential new odour-baited trap for
gravid females of the An. gambiae species complex; (2) provide evidence for the strong
involvement of olfaction in the location and selection of potential breeding sites by An. gambiae
s.s.; and (3) describe the compulsive response of gravid females to attractive chemical cues.
Research needs now to be invested in analysing the volatile chemical headspace of the attractive
soil infusion to identify attractant semiochemicals for oviposition in An. gambiae s.s..
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Figure legends

Figure 1: Semi-field system (A) and schematic diagram of trap and release sites (B). Trap
positions are shown in circles and mosquito release points in triangles. Colour codes show
corresponding trap positions and mosquito release points.

Figure 2: Modification and set-up of BG-Sentinel trap. (A) Interior showing bucket for
holding aqueous solutions, (B) Complete trap (C) Cross-section of modified Biogents (BG)-
Sentinel gravid mosquito trap.

Figure 3: Explanatory data analyses of oviposition response of Anopheles gambiae sensu
stricto to test substrates. Box-and-whisker plots indicating the median value by the central
horizontal line and the lower and upper quartiles by corresponding ends of the box. The whiskers
show the range of the data. Dots show outlying values. (A) Proportion of females responding to
the test substrate (INF =soil infusion, INFsalt=soil infusion with NaCl) compared to distilled
water controls (DW=distilled water, DWsalt=distilled water with NaCl) in choice tests; (B)
Response rate of the females released (N=200); (C) Response of mosquitoes before 21:30h out of
the females trapped per night.

Tablel: Oviposition response of gravid Anopheles gambiae sensu stricto to substrates in
two-choice tests. Generalized linear model outputs.

osition substrates Mean proportion Odds ratio p-value
rol (trap A) Test (trap B) (95% CI) (95% CI)

ortion of gravid females trapped in test (trap B) in two choice experiments of the females trapped
led water Distilled water 0.50 (0.43 - 0.57) 1

led water Infusion 0.64 (0.58 — 0.70) 1.8(1.3-2.6) 0.004
led water + NaCl  Infusion + NaCl 0.77 (0.72 - 0.81) 34(24-4.9) <0.001
ion Infusion+ NaCl 0.67 (0.60 — 0.69) 1.8(1.3-25) 0.001
onse rate of released gravid females during expe riments with diffe rent substrate combinations
led-Distilled 0.45 (0.33 - 0.57) 1

led-Infusion 0.51 (0.39 - 0.63) 1.3(0.6 - 2.5) 0.438
led+NaCl — Infusion+NaCl 0.74 (0.63-0.84) 3.7(1.8-1.5) <0.001
ion - Infusion+NacCl 0.84 (0.73-0.91) 6.8 (3.1 - 15.0) <0.001
onse of gravid females before 21:30 h of the females trapped during the night (early responders)
led-Distilled 0.36 (0.28 — 0.45) 1

led-Infusion 0.56 (0.46 — 0.67) 1.59 (1.11 - 2.29) 0.003
led+NaCl — Infusion+NaCl 0.66 (0.58 — 0.74) 1.92 (1.38 — 2.68) <0.001
ion - Infusion+NaCl 0.64 (0.54 - 0.73) 1.76 (1.29 — 2.44) 0.001
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Hew strategles are needed to manage malaria vector mosquitoss
that resist insectiddes and bite outdoors. Here we explore the
first staps to develop an "attract and kill* strategy targeting gravid
females by identifying and evaluating cviposition attractants for
An gambize sl Previoushy, we found that lake water infused for
she days with soll from a natwral cviposition sie In western Kenya
doubled the chances of eggs being lzid by grasid &n. gamblae s.s.
females compared to lake water alone. In this study we combine

gas-chromatography coupled to mass-spectrometry (GC-MS) and
cage and fleld bloassays to identify an ocviposition attractant form
this soll Infusion. anabysis of the GC-MS data revealed a group
of putathe semlodhemicals of which one, Identified as cedrol, oc-
curred in=50% of natural aguatic habitats inwestern Kenya. When
applied to water, twice as many grawvid females were attracted
to cedrol-treated water than to water alone In two dholce cage
bioassays (odds ratio (OR) 1.84; 95% confidence Interval () 1.16-
2.91) and in free-flying expedments conducted n large-soresnsd
cages (0R 1.92 95% 1 1.63-2.27). When tested In the field, traps
balted with cedrod collectzd three timas more wild malarla vectors
than traps contalning onlywater. Cedrol 1s the first cviposition bart
Identified for gravid An. gambize sl This finding paves the way
for developing new “attract and kil strategles' for malaria control.

malarta | Anopheles gamblaasll | attract and ol
tant | cedrol

Significance Statement

In Adrica a child dies every minute from malzaria. Mosguitoes
of the Anopheles gambioe spocics complex are among the most
efficient vectors of malaria on the planet and are responsible
for most of these deaths. Veclor control is the most important
Lol toyprevent transmission. However, current interventions only
targel vectors within houses ot night. While these interventions
remain effective, asignificant gap remains in addressing the: resid-
ual transmissicon that occurs oulside the protection of indossr-
hased interventions. It has been recently highlighted that sddi-
tional teols that target owtdeor mosguito populations are urgently
neaded. Our findings pave the way for the development of novel
“attract and kill' stralegies targeting gravid females ouwldoors,

oviposition atirac-

Introduwction

Muosguitoes of the Anophales gambioe species complex {Anophe-
lex gombige sensy lare (5.0)) including Anopheles pambiae sensu
saricaid (1.5.) &l A nopheles arbignsis are among the most efficient
vectors of malaria on the planet and are responsible for most
deaths from this disease in sub-Saharan Africa (1). The most
effective way to preveni malaria is vector control. The imlerven-
tions wsed today o reduce vecior numbers primarily target hosi-
seeking mosquitoes indoors (2, 3. While these inlerventions ane
effective, increasing evidence suggests that malaria elimination
is not achievabde by these methods alone since residual malzria
transmission is maintzined by vectors that feed and rest cutdoors
or feed on animal hosts (4). The development of an efficient
attract and kill strategy for oviposition site seeking females could

AR TIEE. O — —

be & one of the novel vector control tools that are urgently called
fior (5. &)

Tir date, there has been little research investigating how An
gnmbiae 5.1, females find and choose oviposilion siles. [t 5 known
that water vapor helps to guide them (7, 8), however, in nature
many aquatic sites remain wneolonized suggesting that some are
maore attractive o gravid females than others (9-11). Although a
number of chemicals have been proposed as oviposition semio-
chemicals for An pembise 25, (12-14), none of these have been
shiown o atiract gravid females over o larger distance (maore than
8 few cm) in laboratory, semi-fekd or feld settings.

Recently, we Tound that lake water infused for six days with
s0il from 3 natwral oviposition site in western Kenya doubled
the chances of eges being laid by gravid females in two choice
epg count cage binassays compared o lake water alone. This
preference was lost when the infusion was autoclaved (15) sug-
gesting that volatile chemicals, rather than visuzal cues attracted
mosguitoes Lo brecding sites. Here we analyzed the volatiles re-
leased from autoclaved and unmodified soil infusions and the lake
waler utilized as control in the bioassays. Multivariate analysis
revealed a number of putative semicchemicals of which one was
selected for evaluation in (1) ege-count cage binassays 1o confirm
preferential epg-laying, (2) large semi-feld systems with free-
fying females to test for attraction over large distances and (3)
under natural Gekd conditions. Through these experiments we
describe the discovery of the first oviposition bail for gravid As
svmibize 5.0

Significance

wmnfﬂcaad}llddh:smmqmmfmmmdma.m of
&5 e:pecla are among the most
eﬂ’lmme o0 lara on the planet and are & ble
for most of these deaths. vector Control Is the Imip-
tant tool to prevent ransmission. How ever,
mgﬁum&tv&mwrﬂlnmzm
1 remaln effecthve, a significant” gap remains In
addressing the residual transmission that occirs outshde the

on of Indoor-basad intzpeentions. It has been

I that additional tools that ta outdoor m
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m“"'“mf%mﬁ'u"}“m| atiract and kifls Strategies tar
geting gravid females outdoors.
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Fig. 1. Eaplot of the GCMS data from laks water, mon-autodaved and u-
toclaved soll infuslons. The threa sample typas form distingt groups, mainky
separated by tha second prindpal component. Four compound 10s (51, 263,
76 and 283) group dosely with tha unmodified soll samples. Data from
savan rourds of aach sample type ware erered and standardized by the
wolatlle compounds bafora baing subjected to principal componant anabysis
with supplamantary varlables. Tha supplemantary warlsblas wara the three
mamplo typas Indicated with WATER (el water), AUTO (aurtocabead soll
Infusion) and SOIL {unmedified soil infusiors). Each sampla 1s indicatad with
a lattar; W, A or 5 for lake water, sutodaead soil infusion and urmodified soil
Infuskon respactivaly. The numbar following the kettar Indicates tha round;
wolatlles weana collected In parallel from samples with the same number.

Fig. 2. Exparimantal sat up. (&) Cage bloassays with Indhwidual grawid fa-
malas undar amiblant corditions In makeshift buts; (8] Modified BG santinel
traps In a samil-fleld systam; {C) Fald sat up of squara of cleciroanting nets
f{up) and OwiART grawid trap {down).

Results

Identification of putative ovipesition semiochemicals. Volatibe
chemicals rebessed from autoclaved and unmodified soil infusions
as well as the controd lake water were sampled in parallel o
behavioral assays and anzlyred by gas-chromatography coupled

with mass-spectrometry {GC-MS, Fig 1, 5Fig. 1). Exploration
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Fig. 3. Msan parcant of gravid Aropheles gambiae responding to control
and test troatments In choloe experiments. (8) Cage bioassays wih soll
Infusions of incraasing Incubation time and compartson of autoclared versus
non-auiodaeed Infuslon. The data from Hamera-Varala et al. 2014 [15) hawe
boan re-analyzed for this figura to show tha parcent of females respond.-
Ing. Thasa data presemt. the backgrourd for the ourent study. Headspacs
collections: for dentification of wolatlle damicls were Implemantad for
autodaved and non-autodawed six-day old soll Infusions In parallel to thase
bahavioral assays. (8) Cage blozssays with cadrol-treated leke watar in
Inmrazsing concentratiors. {0 Semi-fiald ewaluation of mesponsa off froa-

fiying grarid famales to cedrol-batted traps.

of the GC-MS data using principal component analysis (PCA)
indicated similarities within the replicates of the sample types
baui different chemical profiles belween the treatments (Fig. 1).
Four compounds (1Ds 51, 263, 276 and 283) grouped closely with
the unmosdified soil samples in the PCA. GC-MS data contzining
volatiles collected above samples from natwral aguatic habitats
situated along the shores of Lake Vicloria in western Kenya were
screened for these four compownds; 11 276 was detected in 62
of the 114 mamples whereas none of the other three compounds
(1= 51, 263, 283) were found. This compound (11 276) was
identified &5 codrod by comparison of mess spectral data o the
MNISTUE library and an awthentic standard {+-cedrol, 29907
sum of enantiomers, Sigma). Cedrol was present in all the sod
infusion samples investigated {n=14 for unmodified and awio-
claved combined) and the amount was three times as high in
unmodified soil infusions (mean 158 ng, 5% Cls = 9.36-22.7)
compared o autoclaved infusions (mean 5.7 ng., 95% Cls= 4.6
6.7). In contrast, it was only detected in two oot of seven lake
waler samples (mean in those two samples: 4.2 ng, 05% Cls=3.8-
45).

Cedrol attracts laboratory-reared pravid Anopheles pombioe
females. A series of experimenis was carried oul in the laboratony
and semi-feld with insectary-reared An gambise 55 todetermineg
whether gravid females responded (o cedrod (Fig. 2 and 3). The
cage binassays demonstrated a dose-response of gravid females
with increasing concentrations of cedrol incressing the probahil-
ity oof a female laying her eggs in the test solution. Interestingly,
the dose-response matched the previously obsereed resulls for
the soil infusions of increasing incubation time when compared
Lo lake water (Fig. 3A and 3B8).

Since these egg-count cage bioassays cannol distinguish be-
tween conlzct stimulants and kng-range atiracianis (16) we im-
plemented experiments in a large (174 m*) semi-feld system
using modified BG-Sentinel traps (Fig. 2B). These traps allowed
us Lo assess the relative attractiveness of volatiles released from
the trap, withoul the influence of visual cues or contact stimu-
lants; it prevented mosguitoes from seeing or sccessing the test
subsirate. The experiments confirmed that cedrol was attractive
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Tabde 1. Probability of a mosgquito female being trapped.

Rate Ratio (35% confidancs interval)
Anopheles M nopheles funestus Anopheles Aedessp. Culex sp.
arabiensis 55 coustani
Treatment
Contral 1 1 1 1 1
Test  33(1.4-79) 206 (0.97-6.96) 05308 04 0B 0705
0308
Trap
BG 1 1 1 1 1
OwiART 5.2 {0.8-30.9) 63 (1.6-25.4) - -~ 1.1 {0.5-2.3)
E-nets  WL0 (5.6-15.0) 12.4 (2.8-525) 125 is BTI5.0:151)
{5.0-32.6) .3a.mn

* o mosguitoas trapped: factor axcluded from medal. Trestment: controb= lake water, test= ks
watar with 5 ppm cadrol. Traps: E-nets= squares of clectroouting nats {17), OwIART=0WIART grastd
traps (18], BG= modifled BG-Santinal mosqutto traps {13).
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Fig. 4.  Estimated mean nember of female mosquitoss par trap night
collectad during the fisld trial. Eror bﬂrsrnprm‘rtﬁs!imﬂchn:-nl

with 649 (U5% CI 66-T1%) of released females collected in the
treated trap {Fig. 3C). The response towards the cedrol-baited
trap was consistent and high from night-lo-night with very litike
variation. Furthermore, on average 80% (95% CI B4-02%) of
released gravid mosquiloes were recollected during the choice
experiment when o cedrol-baited trap was present. This was in
sharp contrast (p={0.001) 1o the experiment where both traps
contained lake waler only in which only 34% (95% CI 29-38%)
of all released females were recollecied.

The peak oviposition time of our caged Ar geembice is be-
tween 1900 and 21:30 b (E). In the semi-feld cxperiment 68
(U5 1 57-TR%) of the females were collecled during this pe-
riosd, with T4% (05% C1 T0-T6%:) choosing the cedrol-treated trap
ower the trap with lake water only. However, the response after
2130 b was nearly balanced, with only a slightly higher proportion
of females collected in the 5 ppm test trap (58%, C1 53-62%).

Volatike headspace collections from both bioassay syslems
confirmed that cedrol was released from the tlest subsirates bui
nat from the controls. Besides the cedrol peak, no consistent
difference was observed in the chromatograms from test and
control treatments hence, no breakdown products of cedrol wene
detected. Owviposition cups treated with 5 ppm cedrol released 87
ng'min {95% Cls 5.9-12.7 ng/min) and those treated with 10 ppm
released 218 ng/min (95% Cls 18.0-2000 ng/min) during the 12
haowrs of experiment. The release rale from the convection traps
treated with 5 ppm cedrol was on average 5.0 ng/min (95% Cls
5.4-120 ng/min}. Cedrol was released al consistent rales over

Footline Author

the 12 howr experimental period with no significant difference
(p=1.203) between the peak oviposition time (19200 — 21:30 h)
and the rest of the nighl.

Cedrol attracts wild malaria vectors. To test if cedrol ako
attracts gravid malzria veclors under natural Beld conditions we
carried out 8 study at the end of the long rainy season in June 2014
in willages chose to the shores of Lake Yictoria in weslern Kenya.
Wi used three types of collecting devices squares of electrocuting
nets (E-nets: (17), OwiART gravid traps (18) and modified BC-
Sentinel mosquito traps (19). A total of 933 female mosguiloes
were collected in 288 trap nights (12 traps per night for 24 nights);
91 were Culer species. Of the An. gemibioe species complex, only
An arabiensis were collected in the Feld sites, representing 4% of
the total catch. In addition, 8 small number (1%) of the malaria
vector A, wy Sensu stacie were collected. Trap catches ako
included 2% of the secondary malaria vector A cousaesi and
2% Aedex species. Traps baited with cedrol were 33 times (95%
Cls 1.4 - 7.9) moge likely to trap a femalke An srbiensiv than
traps containing lzke waler only, irrespective of the trap type
(Table 1, Fig. 4). However, the three traps performed differently
under feld conditions with more As. eabieasiy females caught
in devices that included visual water cues like the squares of
electrocuting nets and the OviAHT gravid trap (Table 1). Whilst
the mverall number of An ambiearis females collected per trap
night was very low, collections of host-secking females indoors
with Centre of Disease Controd (CINC) light traps and cotdoors
with cattle baited traps {CBT) al the same time confirmed that
the overall population density of wectors was low during the study
period. In CIDC traps a mean of (L73 (95%: CI 0L28-1.90) and in
CBT a mean of 2.1 {(95% CI 1.1-40) females of the Aa. gumbiae
complex were collected per trap night; 9%6% of which were An
aribignsiz, confirming the predominance of this sibling species in
the feld setting.

Interestingly, the data indicate that An funesiay might show
a preference for cedrol-treated oviposition sites, however due W
the small mﬂﬂsmﬂﬂtbmwdmﬂm:ﬂi&m
(p=0.057, Table 1) On the contrary, An. cowsiani, A speCies
and the shumiant Culer species preferred the untreated traps
(Table 1).

D .
Owr study describes the identification of the st oviposition
attractant for malaria veciors of the An. gaediee species complex.
Caged gravid females selected lnke water treated with cedrol in
preference to lake water withoul cedrod for laying their egos.
Furthermaore, the odorant attracted colonized free-fying gravid
mosquitoes in large semi-field struoctures and most importanily,
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wikd gravid mosquitoes. The attractiveness of cedrol was es-
tablished in comparison o natwral water from Lake Yicloria
which constitutes the majority of the natwral, highly productive
anopheline habitats in the study area (20} and which previously
was found ‘to be the most stimulatory water treatment [for Am
pariize | uncovered to date’ in epg-count cage bioassays (21). We
considered this comparison more realistic than one using distilled
waler as 8 comparator, since it is an artificial waler source that
wiki mosquitoes are unlikely Lo encounter.

Cwur recently developed systems of analyring oviposition re-
spomses in comparison to 8 baseline that provides two equal,
untreated choices (15) and of measuring attraction of gravid
mosquitoes Lo oviposition substrates with modified BG-Sentine]
mosquito traps (19) allowed s to provide a detailed descriplion
of the behavior of gravid mosquiloes in response to odorants.
Here we showed thal cedrol not only increased the proportion
of gravid females that were caught in the Lest trap out of the todal
number caught, but it alo increased the proportion of mosquitoes
released that responded. Furthermore, cedrol induced a fast re-
sponse, with two third of gravid mosguitoes trapped by 21:30h It
appears that An. gambize have evolved Lo use aliractive chemical
cues nod oaly o sebect oviposilion sites but also o reduce the lime
taken secking suitable siles.

Cwur fedd study was implemented in an area of low veclor
density as confirmed by the CIC light trap and cattle baited rap
catches. Considering that only a proportion of mosquitoes that
host seck obtain a sufficient amount of blood and survive long
enough o become gravid, it was nod unexpected that collections
in gravid traps were an order of magnitude kower than catches in
host-seeking traps. Dwespite low densities. it was three limes mone
likely to trap An. ambiensic (the predominant species of the An
pammioe species comphex in the study area) when the trap was
cedrol-baited than when it only conlained lake water. Previous
observations show that the two sbling species An. ambiensis
and An. gombize 5.5 share the same aquatic habitats (11, 22)
and therefore it & nod surprising that they appear 1o use the
same odoranis for orieniation and sebection of oviposilion sites.
The collections from the gravid traps also suggested that it &
worth testing the attraction of the malaria vector An. funesies
o cedrol since a slight preference for cedrol-treated traps was
recorded. Finding a semiochemical or blend that could atiract
gravid females of the three most important vectors of malaria
in Africa, An pombise, An. arbiensie and An. funernes would
represent a tremendous breakthrough for the development of
novel interventions. The fact that Anopheline mosguitoes could
b canght irrespective of their low densities & promising for fuiune
development of 8 surveillance tool for these species using gravid
traps bailed with cedrol. Fulure work needs to be invested in
tesling cedrol under different eco-epidemiological conditions and
in developing optimal traps that can be baited with synthetic
odorants for routine use.

Cwur results show that the modified BG-Sentine] mosguito
traps work extremely well under semi-feld conditions but were
less effective in the Deld. We that visual cues inberact
with olfactory signals (23). explaining the better performance
of traps with open water surfaces in our study. Further under-
standing of the interaction between visual and chemical cues and
more effective traps will incresse the possibility o efficsently lure
vectors into the traps when compeling with natural habitats.

Cedrol-treated lake water, attraclted and trapped similar pro-
portions of gravid females in the semi-field experiments as the
s0il infusions from which it was identified (19). To achieve this,
a release rale of cedrol which was much higher than from the
natural source was required. This might be because we used a
single compound rather than a blend of odorants which would
present the mose natural situation for 8 mosguito. This has been
extensively shown for host-seeking mosquitoes, where blends are
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required for efficient attraction (24-26). Cur analysis of the GC-
M5 data suggests another four pulative semiochemicals, yet to be
identified, may play a role in the attractiveness of the six day old
s0il infusion to gravid mosgquiloes. Although in conirasl to cedrod,
none of these could be detected in the samples from natural
oviposition sites in Kenya.

The ethanol-based cedrol formulation utilized here was re-
leased in consislent rates over the entire 12 hours trapping period
each night and does therefore not explain the nearly balanced re-
sponse of gravid females to the traps in the semi-feld experiment
after 21 30 h. Less than one third of the collected mosquitoes were
trapped after 21.30 h and we speculate that these were not fully
gravid and therefore responded Lo high humidity.

Cedrol is best known for ils presence in the essential oil
of conifers, especially in the genera Cuypresius and Junipens.
However, it has been found in a large variety of planis includ-
img Sophuim (27), Artemisiz (28), and swamp grasses of the
genus Cyperus (29), which are all common in the study area.
Sesquiterpenes are ako known metabolites of fungi and o some
extent bacteria (M-3Z). We showed here that the amount of
cedrol released from a soil infusion was higher than from the

same infusion that had been autoclzved and previously that the
oviposition preference increased with increasing incubation Lime
of the infusion (15 This suggests that the release of cedrol is
associated with microbial activity possibly by metabolism of plant
products. Finding the source of cedrol might Further elucidate
why An. pambize and An. ambiensis prefer o lay egps in habitals
containing it and might help predict habitat selection and guide
malaria vector control inlerventions.

In conchsion, our fndings provide the first evidence that
gravid females of the An. gemibize complex use attractive chemical
cues when orienting towards a podential oviposition sites and
that these cues can be exploited for trapping female malaria
veciors. The discovery of an odor bail provides prospects for novel
ecological studies and is an imporiant step towarnds developing an
‘attract and kill" strategy for gravid malaria vectors. This could
provide & novel ool in targeting residual malaria iransmission in
areas where current gokd-standard indoor veclor control interven-

Methods
Mosquitn preparation. Laboratory and seml-flald experiments wera arried
out with Iresctary-reared An. gambiae sc {Mbita strain) su by the

mosquito Insederies at the Intsrnational] Cantra of Iresdt Iology ard
Ecalogy-Thomas Odhlambo Campus {icipe-TOO), Mbita, westen EKerya [0°
25'{5 |§"5D|.rﬂ'l.'3ﬂ"12 53.12" East; altfhuda 1143 mi, and reaned following

procedures. Gravid mosquitoes weara by salact-
hg!l:lnh'rnlna BDUrrnln-rrnsql.i‘ln-m o o threa old, fram thelr

amparimants (La four mh&p:ﬂwﬁrﬂbhndrrmﬂ- 4t 1630 b on the
day of an e wisually | | grawid famales (enlarged, palawhite
abdnrnﬂ'ﬂ-wasdacbdfmnﬂu holding caga (153

'Imhlﬂn wollections from scll Infustons. volatiles releasad from laka wa-

and

I1 mllulwlthbd-mm:l bioamays. All the non-autoclaved infusions
Pﬂ Iched higher cviposition :p?;:rmmmpﬂmdlnhbw:lwlls.tm
wr:uﬂ:nndhyrlﬁngIELﬂlaknmlwuﬂthllgufmlmmdﬁum

site, located wathin idpe-TOC. Tha soil was
mlhdad:rdmndﬂndfwmdqpmmpt\q}:mﬂmnfhlm
On tha day of tha saperiment tha infusions wers sieved through claan
plecas of cotton doth to ramove large debris from the soll. One half of the
Infusion was autodawed at 130°C for 30 minutas and left to cool to amiblant
mlhdmﬁmmml:llq.mnfﬂ'nﬁmn,ﬁ
borosilicata glas Eflenmeyer flasks with 2429
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Frorty fiea grams of sodium dhloride {Macl, 233.8%, lch, Steirhalm,
Garmany] wera disched In all agueous amplas w wolatlls collactiors
to Improws the relezss of volatile chemiczls (33, 34). E-flasks wera fitted with
wash bottla hoads ard dharcoal-filtersd airwas pumpsd at 100 mildmin
tha Inlet and drawsn cut at the sama spmdlﬁmq-l'ﬂ'ul'm:l: trap
awar 20 h after whidh the traps were stored at -70°C E bottlas mmpled
tha sama wary served as contral for background Walatiles wers
Ilncl.ndh rallal ampty bottles, lakewatar and duplicates of soll infusiors
ard non-autockred). Thiswas repasted over seven rounds.
mﬂmﬁnfmllmmvnhulu Tha Tanax traps wara thermally
C-M5 data from the lakae watar ard soll Infusion samples ware
comparad to those of the empty bottla confrols for aach round. Al pecks
that were presont in the samplas (both duplicates for the soill sam| and
had = differcrt retantion tima ardior mizas vnmcr.lmpuradm
bettla controlwere marually Integrated. las with 3 peak-area at lm‘t
tados 2= big In the sampla compared to the control were abo Induded.
Tha pesk-area of the control was subtracted from the pesk-area of the
nrl'phwl'mamh'ﬂhmprmrtlnbuﬁ ms. Tha araa of aach
was normalized agairet tha area of an axternal standard
Im 35 ng, SAFC, Sigma-aldrich, Steinhalm, Germany) Injectod
w :'?dl{wah ratartion Irdicas (RI) ﬂlml:hnd Pozks with
:drliﬂ'lilarn:lrmﬂ:pﬂ:hiwl'n? tvan the mme compound
numibar (D). Mass ditaw:smpﬂmdmal.ls
for tantathe The idantity of ID 276 was lmt?
an authantic tandzed: (+)eosdrel, 22200% sum of anantiomars, GC, optic
icﬂdtjm‘ﬂﬂ.itl“ﬂgna#ciﬂnﬂm Garmanyl.
Screaming of volatils collaction from field sites. Water sa
g ool ﬁmllinmﬂmwbuﬂmhﬂnpbuhm:hlm
saamps and pie) on Rusinga Island, westarn, Komya 40° 24° 32087 South;
347 100 1484 Easty altitude 1377 ml, dwing the kang ralny saasonin 2002,
mmﬂumﬂhﬂlmmﬂm pofypromylens bottle
(Thermo Sclemtific, UK) throwgh 2 clean pleca of cotton doth to remose
lLerga debris and transported In 3 cool box to the laboratory. Tl'ul::n'lpla
ware trareforred into 500 mi E-flasks. Volatile in tha
mtnturnplawa:nlﬂctndmpdﬁlrlﬂ lloxana £ divl hnnmnn
(POMSTVE] sol mhmmm“# 5111!
Supako, Ballafonta, PA,usﬂJfDrmhmn.Abul‘lh coatalnl :lilflllnd
water, stored, transported and samplod the sama way 2= tha
servad as control for background m.lEfl:mwmm:
mmediztcly sfer vahﬁ- collaction. GLMS files wherg 2o for
thea mizin bans of tha fouwr compounds dicsely assodiated with the unmodified
ﬂrﬁﬂmunﬂalnhmlmpﬂumﬂmsmzﬂmim&nﬂaﬂ
285). Only cadrol was found. The amount of cadral In the fickd = s
often doss to the datection bmit of tha wolatile collection Hancz,
2l = with a mﬂlmrgmﬂﬂmmlnmq:ndnmnf
cedrol $35 and 1500 at tha ratantion tma that matched oednol ware scored
as pasithe for the compound.
Dual-tholcs sxparimsnts to suhstrata E
mwmmﬂwmm rrdmtnd“wl-ls}m:m shads 2t
TOC (Fig. 24). All axparimants wars @rried cut st amblant conditions. of
temparature, humidity (mean datly temperatura 27 £ 5°C, relathee humidity
55 + 10%) and light. Each cge had two glass 120 mi, 70 mm
diamatar) filled with 100 mil of sither the oontrol or test weter. The congrol
water was lake watsr pu from Laks Victoria, stored In o sattloment
tank and drzan from 2 tap. The test water was the same wator treated
with the respeciiva concentration of cedral. Tha pesttion of the test cups
mmhdhﬂhdhmnflghl cormarsaf a arrdalml.n:
to cantro passibla posttion ‘Onia confr
mpwﬂudlnﬂmgﬂd:gﬂmlmﬁnmmpmmmphhﬂwm
cholca sat-up. Fhe tractmsnts wars tasted In parallel: (1) sao urtroated cups
af laks water In a cage which sereed as the raference group: (2) lake water
tooetrol) wersus lake water treated with 2.5 parts per million (ppm) cedrol
(testl (3} comtral warsus 5 ppm test; {4} comtrol wersus 10 ppm test; and {5}
control werss 20 test. Caga Imants wara implomented ower 15
rounds with frash madrol stodk solution and different batches of mosqutoes
oo awary round. Fifteen to 25 raplicate cages per trestmant wers sat up per
mund.Asiﬂngm-ﬂdfmuhmlmnd.uf:nrugal 18:00 h. Thia naxt
morning M&m-&.mhﬂwm“m ard the number of
aggs was recorded for tha control and test aup in aadh cﬁ
imcsquitoes that did not Ly egos) wera removed from tha anakysls.

Frea-flying gravid mosquitc atiraction sxperiments to stedy odor dis-
orimination. Free- axparkmants o ewaluats attadion (da-
fired as tha miowamant of an Irsect to the sowros of a chemial we

froem a distance of seweral maters {351 wera done In 2 screenad semi-flald
dn.l:ll.n-il-ﬂ.amlurg:i]'mv.ruh-:lﬂml-lglﬂ:tldpu-TDc,ml modifiad
BE-Snrlinnl mesguita trape [Blogerts AG, Rogersburg, Garmamyl. Tha BG-
nﬁbﬂtﬁp‘immk In'h:\'ﬂ'lﬂﬂ'ldﬂ'ldi plz.'ﬂ:-:m'lhln:'
4% L of agueous solutlors (Fig. 28, [13). Two traps were
m15mnuyﬁmﬂndmwlnfﬂmmi-fh&dmmlhﬂ
wers 4.5 m :pﬂﬂaﬂaq.ldutﬂlnhnmqmnmhmpulm,ﬂ.smﬂ-ﬂ:;
towvards tha opposite shortwall. Trastments wors randomiy sllocatod to four
possibla cormans Ina randomlzed complate block design. Approximataly 200
grardid mosquitoes wera raleased per roursd ower 12 roursds. [FLE T
Introduced at 1800 b, about 5 mirutes sfter the BG-Sentinal traps were

Footling Author

started. Grawid meosguitoas that criented towards either trap wera sucked
linto a catch bag Intha trap. Catch bagswana changed at 2130 hand collacted
tha neut day betwoan 200 =200 h. Tao treatments wera testad: (1) tao traps
with 4.5 L lakewatar, this servod as the roforenca groun: (20 4.5 L laka watar
fconmtrol) vorne 4.5 L laka water with 5 ppm codrel {tast). Feld assessmant
of trapping sffickency of wild mosquitoas with odor-baited grawid traps.
Flald work was Implemantad during the end of tha long ralny season In
Juna 2014 appromimately 14 kmosouth of 10pe-TOC In Kaugege loction
Collecting graid malaria wectors has naver bean dona routinely and grawid
traps hawa only baan devaloped recantly (12, 19, 38). Thercfore, wa usad
'H'm of traps [Fig. 2B-0): E-rets, OlArt grandd traps and modified BG-
mosquito traps. The operating proceduras for these devices have
Mpﬂ&uﬂlndﬂﬂn&uﬁwﬂ [17-13). Threa study sttes In closa Wicin
1o residantizl houses and within 200 m from tha lake shores wera sal
Thea sttes were saparated by batecon 70 and 500 m. In cach sita four kooations
wora chosan 10 m part sach other znd & m from the naarest house.
Ong out of the three sitas wes rardomily salected to recchea teo E-nats ard
tev OWIART graid trapswhilst tha remaining teo stbes recabved BG-Santine
traps In all four locations. all trapping devices provided artticial cviposition
sitos filled with Leica water; the BG-Scrtinal trap contained 4.5 L whilst the
OvlART id trap and tha square of E-nats contalned B L asdh. A% axdh study
sita half of the traps [per typa) ware traated with 5 ppm of edrol whilst the
athar half remained untrested. Treatment lomtionwas allocated randomily
in such 2 way that aach loction had receted the test treatment twics during

tha test round (eight days). Codrol traatmant was done |ust bﬂfuuﬂ'n'h‘a
wora sadtched cn at 17,00 h uitoes wars collectod Int
mornireg =t .00 h. All trapswera mwhhaﬂml same

posttion for elght days, then the location of the DvART grawld traps and E-
natswara relocated randomly 1o another study site. This was repested tadoe
o ensura that the altamatie traps wara In each ste onca {threa rounds of
mln rallal, wactors ware collactsd weakly from 12
g aﬁlmmnﬁmmm:mmmlnlkm
from tha lomtions of the gravid traps. Collections wera mada Indoors with
00 light traps (37) and cutdoors with cattle bafted traps (38 Mosquitoes
wara morphal Idantified to genus kaval and hmﬂm
o species leval a0, Molsoular took were used 1o s of

tha sibling spackes of tha cm'rpl.nl::rl:lﬂu-.&nupdﬂﬂ
?mnplnnfnﬂ:mrgﬂ procedures (41, 420
Statistical analyses. GO-ME data wars Etmn:q::lm
nant 2 (PCA) writh Ik prasant in at
mmﬂufﬂ'ﬂmw mnhumafhﬂnplrnpawn

Incuded Intha ana The datawas cantared and standardized by volatiles
priar to analysls Comooo 5 a3k

Dual dhaks cage bosssays and attraction experimants with frea-flying

In thia semil-fiakd were aralzed using ganeralized linear models

with a quasiinomial dstribution fitted to socount for owerdispersion In
R statistical softswara vorsion 2.13 {ad). The proportion of responses (aggs
lkzid by fomale) rocchead by the tost cups or test traps In the cages or

samil-fiald systemes, w&m wqual treatments llake water In bath
mpﬂﬂlﬂﬂmmﬂpﬂrﬂd tha proportion of ras racatved by the:
‘tnstn.p:n"h'apﬂh qummhmmrtmmn
WS grawid famales presented with Identical treatments

I.u-hm:ln: han:ppmﬂrrnlnl'rnqlulprnpurﬂm[p-us]

Tha statigtical analysls aimed to rewsal If the test treatment of
{a.g. Irreasing concantration of cedral) recekeed anh’.mand-ut&umnd
proportion resporsss as ompared to the ke water only traatmant.
Izk water] and the rou of cxperiment wora Induded as fad factors
to arclyras thelr Impact on the cutcome. Rounds wara nat signitficzetly
associted with the outcoma in any of the and tharcfore
remaved from tha final medaks. Flald data ware analyzed wing gereralized
astimat) Prior to tha final wa testad If thare ware
Iﬁ:l'rtrgbaulmg'm wlmmlmm and study amea. Only
mdymnﬂndgmﬂn and was Induded In tha final analyses as

repasted maszure with an a ngeabls cormelation matrie. The data fisted
& megathe binomial distribution. Traatmant and trap wane Included
in tha modal as fed factons. Interactions wera testad no significant

associations found. All reported mears and thelr 95% Os ware estimated
a5 tha exponentials of tha parameter estimates. for modals with no Intercopt
Included.

mﬂ:hmnnlzl Information. Supplemental sxperimental proosduraes can
ba wath this srticls cnlina. a

Ethiles. Ethical approval for this study was obtained from the
Modiczl Rescarch Instituta’s Ethical Review Commilttoa {Protooo] no. 263 and

pratoco] ne.4232).
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