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General introduction 

 

 

Mosquitoes are the most important group of insects from the public health standpoint. They 

are responsible for the transmission of diseases to millions of people around the world each 

year; Malaria (transmitted by Anopheles mosquitoes) alone caused around 627,000 death 

cases in 2012 (WHO World Malaria Report 2012). 

Olfaction plays a major role in different mosquito behaviors including blood seeking (host 

finding) [1] and oviposition site selection [1,2]. The role of attractants/repellents (substances 

that encourage an oriented flight towards or away from their source) and stimulants/deterrent 

(substances that elicit or inhibit a specific behavior) in shaping mosquito behavior have been 

studied extensively. Specific compounds such as lactic acid, ammonia, and carbon dioxide 

have been shown responsible for attracting mosquitoes to skin odor [3] while 2-

phenylethanol, a compound of human skin odor, is responsible for the repulsion of some 

individuals to Anopheles gambiae mosquitoes [4,5]. In addition, some synthetic compounds 

such as Methyl N,N-dimethyl anthranilate, ethyl anthranilate, butyl anthranilate, and N,N-

diethyl-meta-toluamide (DEET) were also found repellent for host seeking mosquitoes [6]. 

On the other hand, several odors have been shown to influence mosquito oviposition 

decision. These odors convey information to the gravid mosquitoes about the suitability of 

the substrate for their offspring. Some of these odors indicate the presence of food [7-9] or 

conspecifics [10,11] and hence are attractants/stimulants while others indicate the presence of 

predators [12,13] or pathogens [14,15] and hence are repellents/deterrents. In addition, some 

other synthetic compounds with no known ecological significance have been shown to 

influence oviposition [16,17]. Due to the diversity and complexity of available literature 
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concerning oviposition odors in comparison to odors that affect mosquito host seeking, I 

reviewed oviposition odors in terms of their source in nature and the information they convey 

to gravid females in Chapter 1. 

One of these oviposition odors, p-cresol, has a contradictory effect on the oviposition of 

Aedes aegypti mosquitoes [18,19]. Bermuda grass infusion, which is the main source for p-

cresol in nature, has also shown contradictory effect on Ae. aegypti oviposition [18,20,21] 

suggesting that p-cresol could be responsible for this contradictory effect. On the other hand, 

the isomer m-cresol which elicited an increased response from trichoid sensilla in single 

sensillum recordings of Ae. aegypti gravid females [22], is an oviposition stimulant for other 

mosquito species [23,24]. However, m-cresol has never been tested behaviorally with Ae. 

aegypti. Therefore, in chapter 2, I tested p-cresol and m-cresol at a range of concentrations for 

their oviposition effect on Ae. aegypti. I also tested a mixture of both isomers and the two 

isomers presented together separately in the same cage to show interactions between those 

structurally similar compounds. 

For host seeking mosquitoes, methyl N,N-dimethyl anthranilate, ethyl anthranilate, and butyl 

anthranilate previously showed a repellent effect in one choice landing assays with still air 

situation [6]. However, in nature, host seeking mosquitoes experience different olfactory cues 

while flying through turbulent air streams. In addition, repellents of host seeking mosquitoes 

could also inhibit oviposition behavior [16]. Therefore, in chapter 3, I tested the effect of 

methyl N,N-dimethyl anthranilate, ethyl anthranilate, and butyl anthranilate on Ae. aegypti 

host seeking mosquitoes flying in a turbulent odor choice Y-tube olfactometer. I also tested 

the effect of the three compounds at different concentrations on Ae. aegypti oviposition in a 

two choice cage assay. 

Odors that affect mosquito behavior are processed in the antennal lobe (the first olfactory 

center in the insect brain) and further in higher brain areas [25,26]. Odor processing in the 
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insect antennal lobe has been studied extensively using calcium imaging techniques [27]. 

These techniques make use of the development of calcium sensitive dyes which are applied to 

a specific brain area to study odor elicited activity in that area [27,28]. However, unlike in 

honeybees, moths, and Drosophila, the functional organization (how odors are coded) of the 

mosquito antennal lobe has not been studied. In chapter 4, I present a calcium imaging 

method to study odor dependent activity in the mosquito antennal lobe. A number of 

ecologically relevant odors were tested with host seeking and gravid Ae. aegypti females to 

validate this imaging method. In addition, I tested in behavioral assays the effect of the A. 

gambiae repellent 2-phenylethanol on Ae. aegypti host seeking and oviposition behaviors. 

The effect of different odors on mosquito oviposition behavior is an innate effect; mosquitoes 

respond to these odors with no need for prior experience. Nevertheless, prior experience at 

the larval, pupal and early adult stages could alter the oviposition decision afterwards [29,30]. 

n-heneicosane, a pheromone released by Ae. aegypti larvae [11], stimulates/attracts 

oviposition of Ae. aegypti gravid females [11,31] and the strongest positive effect of this 

pheromone on oviposition was found to be at 10 ppm [31]. However, it is not known whether 

early experience could alter this preference or not. In chapter 5, I tested naïve oviposition 

response of Ae. aegypti towards a choice of water, 1, 10, and 100 ppm n-heneicosane in order 

to confirm the innate preference towards 10 ppm. Afterwards, I raised Ae. aegypti larvae in 

different concentrations (1, 10, and 100 ppm) of n-heneicosane until eclosion to create an 

early experience with higher concentrations of the pheromone. I then tested the oviposition 

response of adult gravid females towards the same choice of odors (water, 1, 10, and 100 

ppm n-heneicosane) to find out if prior experience at the larval, pupal and early adult stages 

would alter the innate response of the gravid females. 

The work in this thesis aimed at testing the innate effect of different odors on mosquito 

behaviour (host seeking and oviposition) and factors that could alter this innate effect 
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(interaction with other odors and prior experience). In addition, a calcium imaging method 

was introduced to study how these odors are coded in the mosquito antennal lobe. The 

findings of this study could therefore help designing better mosquito control and monitoring 

programs and also present tools to study mosquito olfaction at the antennal lobe level. 
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Chapter 1 

 

 

Review of olfactory/gustatory cues for mosquito oviposition 

selection and their role and source in nature 
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Abstract 

During oviposition, gravid mosquitoes use olfactory cues among other environmental cues to 

detect suitable habitats for their offspring. In nature, these cues include cues of plant 

infusions, microbes, mosquito immature stages and predators. While attractants/stimulants 

are cues that could show the availability of food (plant infusions, microbes) and the overall 

suitable conditions (the presence of conspecifics), other cues, repellents/deterrents, show the 

risk of predation, pathogens or high competition. In nature, cues from different sources are 

not present separately but rather together and therefore mosquito oviposition decision is the 

end result of the interactions between these cues. On the other hand, although mosquitoes 

show an innate oviposition response towards odors, mosquito experience with these odors at 

the larval/pupal or early adult stage could alter their oviposition decision afterwards. 

Studying how and what cues affect mosquito oviposition selection and whether this behavior 

is innate or shaped by experience would help understand and predict the distribution patterns 

of mosquitoes in nature and could lead to better mosquito control and monitoring programs. 

Key words: Mosquitoes, odor, egg laying, attractant, repellent, stimulant, deterrent. 
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Introduction 

Choosing a substrate for oviposition is a critical decision in a mosquito life cycle. Mosquito 

aquatic stages are restricted in their movement and are not able to change their habitats at the 

larval/pupal stage. Therefore, gravid females choose oviposition sites that are most suitable 

for their offspring. The availability of food, absence of predators and low levels of 

competition are among factors that characterize suitable sites for mosquito oviposition. 

Olfactory cues work over relatively long distances and convey a message for the oviposition 

seeking gravid females about the suitability of the substrate. Therefore, mosquitoes depend 

mainly on olfactory cues such as the smell of nutrients, cues from predators or other mosquito 

larvae in the water to decide whether this water is suitable for their larvae or not. In addition 

to olfaction, mosquitoes also use, albeit to a lesser extent, other cues (i.e. gustatory and 

visual) to evaluate a substrate for oviposition. 

Positive cues could be attractants, stimulants or both. An “oviposition attractant” is a 

substance that causes gravid females to make oriented flights towards the oviposition 

substrate while a “stimulant” is a substance that elicits the oviposition behavior. On the other 

hand, a “repellent” is a substance that encourages an oriented flight away from the 

oviposition substrate while a “deterrent” is a substance that inhibits oviposition [32]. Hence, 

attractants/repellents are cues that affect mosquito behavior over a long distance excluding a 

gustatory effect while stimulants/deterrents work only when the mosquito is in contact with 

the substrate and cannot exclude a gustatory effect. 

In order to test a stimulant/deterrent effect of a specific cue, oviposition cages are used in 

which mosquitoes are given a choice of different oviposition substrates and the effect of each 

substrate on oviposition is assessed based on the number of eggs it receives. On the other 

hand, olfactometers are used to identify attractants/repellents. These olfactometers can be in 

different sizes and shapes (e.g. one chamber, Y-tube, T-maze olfactometers) and they are all 
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used to observe the orientation behavior of flying mosquitoes towards an odor source. In 

addition, sticky screen cups to which mosquitoes could be attracted and trapped are also used 

in some studies to test attractants/repellents. In field or semi-field experiments (in big field 

cages) oviposition cups are used to find out how many eggs an odor (deterrent/stimulant) 

receives while sticky screen cups are used to test how many mosquitoes are trapped in a cup 

that contains the odor (attractant/repellent). 

Mosquitoes live in a wide range of habitats and exploit different types of food. As a 

consequence, a suitable oviposition substrate for one species could be unsuitable for another. 

Although some oviposition cues have an effect on a broad range of mosquito species, some of 

these cues are species specific that one cue could attract/stimulate a mosquito species for 

oviposition and repel/deter another species from oviposition. 

Species specific differences in mosquito oviposition preference suggest that it is a result of an 

evolutionary adaptation towards different habitats. Therefore, a mosquito response towards 

oviposition cues seems to be an innate behavior. However, experience within the life cycle of 

an individual mosquito could also play a role in altering that innate behavior; a mosquito at 

the aquatic stages could associate an odor with a positive or negative experience and use that 

association in taking oviposition decision towards that odor afterwards at the adult stage. 

In this review, olfactory/gustatory cues that affect oviposition are reviewed (summarized in 

Table 1-5) according to their effect (stimulant/attractant or deterrent/repellent), their source in 

nature and the information they provide to oviposition seeking mosquitoes. Some of these 

cues show variable results due to either a dose dependent effect like in the case of 3-

methylindole which is attractant at 1 and 10 g/liter and repellent at 0.01 g/liter for Culex 

quinquefasciatus [33] or due to contradictions between different studies like in the case of 4-

methylphenol (p-cresol) which is shown stimulant and deterrent for Aedes aegypti at similar 

concentrations in two different studies [18,19]. These contradictions could be due to the use 
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of different testing methodologies, rearing conditions, or the presence of background odors. 

We therefore cite all studies in which the same cue was tested and suggest referring to the 

original data in order to compare contradictory results. In addition, we discuss open questions 

regarding the interactions between the different cues and whether the response to these cues 

is innate or shaped by experience according to the available literature. 
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Cues of larval food 

Plant detritus and the microorganisms that live on these detritus in water are food sources for 

most mosquito larvae [34]. Detritus type has an effect on the growth rate of mosquito larvae 

and this effect is attributed to the nutritional value these detritus provide [35-37]. A number 

of studies have been done to evaluate the effect of cues from plant (Table 1) and microbial 

(Table 2) origins on mosquito oviposition. Infusions of some plant such as white oak, 

Bermuda grass, and bamboo [7,8,21,38], or chemical compounds isolated from these 

infusions (3-methylendole and Nonanol) [33,39] were found stimulant/attractant for the 

oviposition of one or more mosquito species. In addition, microbes isolated from plant 

infusions (like Bacillus sp. isolated from oak leaf infusion) also stimulate/attract mosquito 

oviposition [9,40,41]. The effect of these microbes was suggested to be due to chemical cues 

that are not released in water but are always associated with the bacteria [40]. In addition to 

the type of plant detritus or microbial species in the infusion, other factors such as the mass of 

plant material, fermentation period [21], and the diversity of microbial species [8] were found 

to affect the attractiveness of infusions. 

On the other hand, some plants (such as Solenostemma argel) have a negative effect on 

mosquito eggs [42-44] or larvae [42,45]. These plants were found deterrent for mosquito 

oviposition [42-45] suggesting that mosquitoes not only prefer to oviposit on plant infusions 

that are suitable for their offspring but also avoid those that are dangerous to their offspring. 

Suitability for the offspring does not always explain the oviposition effect of plant infusions; 

the water soluble lectin isolated from the Moringa oleifera tree has a larvicidal and ovicidal 

activity against Ae. aegypti [46,47]. Interestingly, however, this lectin was found to stimulate 

oviposition of Ae. aegypti [47]. The reason for the oviposition stimulant effect of such a 

lethal plant is not known. 
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Although mosquitoes seem to have an innate oviposition response to some odors from plant 

origins, this response is not always fixed but could be altered by experience (e.g. different 

rearing conditions). Cx. quinquefasciatus larvae reared in water containing an innately 

deterrent concentration of 3-methylindole subsequently preferred to lay eggs on water 

containing the same concentration of 3-methylindole more than the normally attractive p-

cresol [29]. This change in oviposition preference is suggested to be due to learning that is 

transferred through metamorphosis [29]. However, larval experience was found insufficient 

for this learning but rather requires an additional enforcement at the early adult stage [48]. 

 

Table 1: Cues of plant origin 

Odor 
Attractant Repellent Stimulant Deterrent 

Infusions 

White Oak 

infusion 

Aedes 

albopictus, Ae. 

aegypti
 [8,21] 

 Cx. 

quinquefasciatu

s, Culex 

nigripalpus, 

Culex 

erraticus[7]
 

Ae. aegypti[8,21]
 

Ae. albopictus, 

Aedes triseriatus[49] 

Ae. aegypti [40] 

 

Bermuda grass 

infusion 

Ae. albopictus[21] 

Cx. 

quinquefasciatus
[7,33] 

Cx.nigripalpus, 

Cx. erraticus[7], 

Cx. tarsalis[33,50]
 

Ae. aegypti[21]
 

Ae. aegypti[20] 

Cx. 

quinquefasciatus[33,

39] 

Culex tarsalis[33,50]
 

Ae. aegypti[18]
 

Acacia leaf 

infusion 

Cx. 

quinquefasciatus

, Cx.nigripalpus, 

Cx. erraticus[7]
 

   

Water oak 

infusion 
Ae. albopictus[38]

  Ae. albopictus[38]
  

Longleaf Pine 

infusion 
 Ae. albopictus[38]

 Ae. albopictus[38]
  

St. Augustine 

grass infusion 
Ae. albopictus[38]

  Ae. albopictus[38]
  

Bamboo leaf Ae. albopictus,  Ae. aegypti[40,51]  



18 
 

infusion Ae. aegypti[8,21]
 

Hackberry leaf 

infusion 

Ae. albopictus, 

Ae. aegypti[21]
 

   

Digitaria sp. 

grass infusion 

Cx. 

quinquefasciatus
[52]

 

 

Cx. 

quinquefasciatus, 

Culex cinereus, 

Culex tigripes[53]
 

 

Eleusine indica 

grass infusion 
  

Cx. 

quinquefasciatus[54,5

5]
 

 

Plant extracts     

Crude extract of 

Ageratum 

houstonianum 

leaves 

   

Ae. aegypti
 
, Cx. 

quinquefasciatus, 

Anopheles 

Stephensi[56]
 

Crude extract of 

Artemisia annua 
   

Ae. aegypti, Cx. 

quinquefasciatus, 

Anopheles. 

sinensis[57]
 

Extracts of: 

Cynodon 

dactylon, Jouvea 

straminea, 

Fimbristylis 

spadicea, 

Ceratophyllum 

demersum, 

Brachiaria 

mutica 

  
Anopheles 

albimanus[58]
 

A. albimanus[58] 

Water soluble 

lectin of 

Moringa 

oleifera 

  Ae. aegypti[47,59]
  

Extract of 

Solenostemma 

argel 

   Culex pipiens[42]
 

Extract of 

Cassia 

obtusifolia 

   A. stephensi[45]
 

Extract of Aegle 

marmelos, 

Andrographis 

lineata, 

Cocculus 

hirsutus 

 
Anopheles 

subpictus[43] 
 

Anopheles 

subpictus[43]
 

Leaf extract of 

Solanum 

trilobatum 

   A. stephensi
[60]

 

Leaf extract of 

Eugenia 

jambolana, 

Solidago 

canadensis, 

Euodia ridleyi, 

   

Ae. aegypti, Cx. 

quinquefasciatus, 

A. stephensi[61]
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Spilanthes 

mauritiana   

Extracts of 

Andrographis 

paniculata 

   A. stephensi[62]
 

Plant Oils     

Rosemary oil    Ae. aegypti[44,63] 
Peppermint oil    Ae. aegypti[44] 

Basil oil    Ae. aegypti[44] 
Citronella oil    Ae. aegypti[44] 

Celery seed oil    Ae. aegypti[44] 
Camphor oil   Ae. aegypti[63]  

Compounds 

isolated from 

plants or their 

infusion 

    

2-Tridecanone 
Cx. 

quinquefasciatus
[33]

 

   

Indole Cx. tarsalis[33]
 

Cx. 

quinquefasciatus[33

]
 

Cx. tarsalis[33]
  

Naphthalene   Cx. tarsalis[33]
  

4-methylphenol 

(p-cresol) 

Cx. 

quinquefasciatus

, Cx. tarsalis[33] 

Ae. 

triseriatus[23,64], 

Tx. moctezuma, 

Tx. 

amboinensis[24] 

Ae. albopictus[65] 

Tx. moctezuma, 

Tx. amboinensis[24]
 
 

Ae. aegypti[19] 

Ae. albopictus[18] 

Cx. 

quinquefasciatus[29] 

Cx.  tarsalis[33] 

Ae. triseriatus[23,64] 

Toxorhynchites 

moctezuma, 

Toxorhynchites 

amboinensis[24]
 

Ae. aegypti[18] 

Tx. moctezuma, 

Tx. 

amboinensis[24] 

2-methylphenol 

(o-cresol) 

Tx. moctezuma, 

Tx. 

amboinensis[24]
 

 
Tx. moctezuma, Tx. 

amboinensis[24]
 

 

3-methylphenol 

(m-cresol) 

Tx. moctezuma, 

Tx. 

amboinensis
[24]

 

 

Cx. 

quinquefasciatus[23] 

Tx. moctezuma, Tx. 

amboinensis[24]
 

 

4-

methylcyclohex

anol 

Tx. moctezuma, 

Tx. 

amboinensis[24]
 

 
Tx. moctezuma, Tx. 

amboinensis[24]
 

 

3-methylindole 

(Skatole) 

Cx. 

quinquefasciatus
[33,66,67] 

Tx. moctezuma, 

Tx. 

amboinensis[24] 

Cx. tarsalis, Cx. 

stigmatosoma[66] 

Cx. 

quinquefasciatus[33

] 

Tx. moctezuma, 

Tx. amboinensis[24] 

Cx. 

quinquefasciatus[39,5

5,66,68,69] 

Cx. tarsalis[33,66]
, 

Culex 

stigmatosoma[66]
, 

Tx. moctezuma, Tx. 

amboinensis[24] 

Cx. 

quinquefasciatus[

29,68] 

Tx. moctezuma, 

Tx. 

amboinensis[24] 

Nonanal 
Cx. 

quinquefasciatus
 Cx. tarsalis[33]  
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[33,67] 

Cx. tarsalis[33]
 

Trimethylamine 
Cx. 

quinquefasciatus
[67]

 

   

Phenol Cx. tarsalis[33]
    

Dimethyltrisulfi

de 
Cx. tarsalis[33]

 

Cx. 

quinquefasciatus[33

]
 

  

β-pinene   Ae. aegypti[63]
  

Borneol   Ae. aegypti[63]  

Borneol acetate   Ae. aegypti[63]  

Cineol    Ae. aegypti[63] 
Citronellal    Ae. aegypti[63] 
Eugenol    Ae. aegypti[63] 
Linalool    Ae. aegypti[63] 

p-cymene    Ae. aegypti[63] 
Pulegone    Ae. aegypti[63] 

trans-anethole    Ae. aegypti[63] 
Thymol    Ae. aegypti[63] 
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Table 2: Cues of microbial origin 

Odor 
Attractant Repellent Stimulant Deterrent 

Bacteria 

Bacterial isolates from 

white oak leaf infusion 
  Ae. aegypti[40]

  

Bacterial isolates from 

bamboo leaf infusion 
  Ae. aegypti[40,51]

  

Bacteria from hay 

infusion 

Cx. 

quinquefasci

atus[41] 
 

Cx. 

quinquefasciatus[41]  

Bacillus sp. (from oak 

leaf infusion) 
  

Ae. albopictus[9] 
 

Bacteria isolated from 

natural mosquito 

habitats 

  A. gambiae[70]
  

Psychrobacter 

immobilis (from larval 

water) 

  Ae. albopictus[9]  

Mixed cultures of 

bacteria from larval 

habitat 

(Stenotrophomonas, 

Enterobacter, Pantoea, 

Klebsiella, 

Acinetobacter, 

Aeromonas, 

Pseudomonas, 

Bacillus) 

   
Anopheles 

gambiae[71]
 

Sphingobacterium 

multivorum (from soil) 
  

Ae. albopictus[9] 
 

Culture of Bacillus 

sphaericus 
  

Cx. 

quinquefasciatus[54] 

Cx. 

quinquefasciatus[

72] 

Bacillus thuringiensis 

var israelensis 
  

Ae. albopictus[73] 

Cx. 

quinquefasciatus[54]
 

Cx. 

quinquefasciatus[

72] 
Compounds from 

microbes 
    

Secondary metabolites 

of Trichoderma viride 
  

Cx. 

quinquefasciatus[74] 
 

Compounds associated 

with bacteria in 

bamboo leaf infusion 

(Nonanoic acid, 

Tetradecanoic acid, 

Tetradecanoic acid 

methyl ester) 

  Ae. aegypti[40]
  

A compound associated 

with bacteria in 

bamboo leaf infusion 

(Hexadecanoic acid 

methyl ester) 

   Ae. aegypti[40] 



22 
 

Cues of mosquito immature stages 

The presence of mosquito immature stages (i.e. eggs, larvae, and pupae) in water indicates 

that gravid females have previously chosen to lay eggs on this water and therefore could 

encourage conspecific mosquitoes to take a similar oviposition choice (Table 3). Water that 

contains or previously contained immature stages of some mosquito species was found to 

stimulate oviposition of their conspecific gravid females [10,75-77]. In addition, pheromones 

from these immature stages have been identified and were shown to similarly stimulate their 

conspecifics to lay eggs [11,31,52,69,78]. However, high densities of mosquito immature 

stages in water indicate higher competition which has negative effects on the larvae and the 

adults afterwards [79,80]. Thus, water that contains high numbers of immature stages [14] or 

high dose of their pheromones [31,54] were found deterrent/repellent for the oviposition of 

their conspecifics. This means that mosquitoes use not only the presence of conspecifics or 

their pheromones but also the density of these conspecifics or their pheromone concentration 

to evaluate potential larval competition. Similarly, water that contains starved larvae [14] or 

larvae that are infected with pathogens [14,15] also deter egg laying of conspecifics 

suggesting that other compounds could be released from unhealthy larvae and inhibit 

oviposition of their conspecific gravid females. 

Cues of mosquito immature stages could also affect oviposition of non-conspecific gravid 

females; Anopheles gambiae gravid females prefer laying eggs on water that contain a low 

density of Cx. quinquefasciatus eggs while avoiding oviposition on water that contains high 

density of Cx. quinquefasciatus eggs and all densities of Cx. quinquefasciatus larvae [10]. In 

addition, the pheromone released by Cx. quinquefasciatus eggs stimulates egg laying of 

Culex cinereus [53] and Culex. pipiens [81] suggesting a general oviposition stimulant effect 

for this pheromone on Culex mosquitoes. 
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In nature, cues of most mosquito immature stages are not present in clean water but rather in 

water that contains other cues (e.g. plant detritus). Therefore, a mixture of cues from 

immature stages and plant detritus could indicate a closer to nature oviposition choice. A 

mixture of a pheromone of Cx. quinquefasciatus eggs (erythro-6-Acetoxy-5-hexadecanolide) 

with grass infusion encouraged oviposition more than the pheromone or the infusion alone 

[53]. Another additive effect was shown when mixing the pheromone with the plant derived 

oviposition attractant 3-methylindole [82]. This suggests a synergism between cues of 

conspecifics and cues of larval food. 

 

Table 3: Cues of mosquito immature stages 

Odor 

Attractant Repellent Stimulant Deterrent Water with immature 

stages 

Water with Ae. triseriatus 

eggs 
   

Ae. 

triseriatus[83]
 

Water with Cx. 

quinquefasciatus eggs 
  

Cx. 

quinquefasciatus, 

A. gambiae[10] 

A. 

gambiae[10] 

Water with Cx. 

quinquefasciatus larvae 
  

Cx. 

quinquefasciatus[

10,84] 

A. 

gambiae[10] 

Water with Ochlerotatus 

australis larvae 
  O. australis[84]  

Water with Ae. aegypti 

larvae 
  Ae. aegypti[75,77]  

Water with Ae. aegypti 

pupae 
  Ae. aegypti[75,77]  

Water with Aedes togoi 

pupae 
  Ae. togoi[76]  

Compounds extracted 

from immature stages 
    

Material associated with 

Cx. tarsalis eggs 
  Cx. tarsalis[85]  

Apical droplet material of 

Culex (Cx. tarsalis and Cx. 

quinquefasciatus) egg rafts 

  

Cx. 

quinquefasciatus, 

Cx. tarsalis[86] 
 

Pheromone of Cx. 

quinquefasciatus eggs 

(erythro-6-Acetoxy-5-

hexadecanolide) 

Cx. 

quinquefasci

atus[52]
 

 

Cx. 

quinquefasciatus[

53,54,68,69,82,87-90] 

Cx. cinereus[53] 

Cx. pipiens 

molestus[81] 

Cx. 

quinquefasci

atus[54]
 

Pheromone of Ae. aegypti Ae. Ae. aegypti[31] Ae. albopictus[91] Ae. 



24 
 

larvae (n-heneicosane) aegypti[31] Ae. aegypti[11,31] albopictus[91] 

Ae. 

aegypti[31] 

Compounds from egg 

extracts of Ae. aegypti 

(dodecanoic acid, (Z)- 9-

hexadecenoic acid, 

tetradecanoic acid) 

  Ae. aegypti[78]  

Compounds from egg 

extracts of Ae. aegypti 

(Hexadecanoic acid, (Z)-9-

Octadecenoic acid, 

Octadecanoic acid, Methyl 

dodecanoate, Methyl 

tetradecanoate, Methyl 

(Z)-9-hexadecenoate, 

Methyl hexadecanoate, 

Methyl (Z)-9-

octadecenoate, Methyl 

octadecanoate ) 

   
Ae. 

aegypti[78] 

Water with immature 

stages at harsh 

conditions 

    

Water from Ae. aegypti 

crowded or starved larvae 
   

Ae. 

aegypti[14,92]
 

Water from Ae. aegypti 

larvae infected with the 

parasite Plagiorchis 

elegans 

   
Ae. 

aegypti[14,92-

95]
 

Water from Ae. aegypti 

larvae infected with the 

microsporidian pathogen 

Edhazardia aedis 

   
Ae. 

aegypti[15]
 

Water from Ae. aegypti 

larvae infected with the 

gregarine Ascogregarina 

taiwanensis 

  Ae. aegypti[96]  

Water from Ae. aegypti 

larvae infected with the 

symbiotic yeast Candida 

near pseudoglaebosa 

  Ae. aegypti[96]  

Water containing Ae. 

aegypti larvae killed 

mechanically or by Tox. 

theobaldi predation 

  Ae. aegypti[97]  
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Cues of mosquito predators 

The presence of predators in water has a direct negative impact on mosquito larval population 

[98,99]. In addition, the presence of these predators could indirectly influence larval 

population by causing gravid females to avoid laying eggs on water that contains predator 

cues (Table 4). Cues from the mosquito fish Gambusia affinis [100,101], the dragonfly 

predator Anax imperator [102], and the hemipteran predator Notonecta maculate [13] were 

found deterrent for mosquito oviposition. Furthermore, two compounds (n-heneicosane and 

n-tricosane) released by N. maculate were found responsible for Culiseta longiareolata 

oviposition avoidance towards water containing N. maculate [103]. 

The avoidance behavior towards predator cues is species specific and is also consistent with 

the experience of the mosquito species in nature. While mosquito species that experience 

high predation by G. affinis in nature (Cx. quinquefasciatus and Cx. tarsalis) avoid laying 

eggs in containers with predator cues, another mosquito species with low risk of predation by 

G. affinis in nature (Ae. aegypti) shows no oviposition avoidance behavior [101]. Similarly, 

cues of the predacious beetle Eretes griseus deter the wetland mosquito Culex 

tritaeniorhynchus from oviposition but have no effect on the container breeding mosquito Ae. 

albopictus because they do not share the same habitat [104]. In addition, chemical 

compounds released by mosquito predators could convey different information to different 

mosquito species. n-heneicosane, the component released by N. maculate and responsible for 

its oviposition deterrent effect on C. longiareolata [103], is not a deterrent for Ae. aegypti 

mosquitoes but rather a known oviposition pheromone [11,31]. This is because n-heneicosane 

is a pheromone released by Ae. aegypti larvae and these larvae live in small containers and do 

not share the same habitat or predation experience with the pool inhabiting N. maculate 

[103]. The role of predator cues in mosquito oviposition site selection could be then decided 
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upon adaptation towards the predator. Mosquito species with no experience with a predator 

may not avoid laying eggs in water containing that predator or its chemical cues. 

However, the presence of a natural predator or its chemical cues could be undetectable or 

even attractant to its prey mosquitoes; the presence of the backswimmer predator Anisops 

wakefieldi or its chemical cues had no effect on the oviposition of the prey mosquito Culex 

pervigilans [105]. Interestingly, Ae. aegypti prefers to lay eggs in containers with its 

predacious copepod Mesocyclops longisetus or in containers that had M. longisetus for 48 

hours than clean water [106]. M. longisetus is a voracious natural predator of Ae. aegypti 

larvae [107]. It is not known however why Ae. aegypti is attracted rather than repelled from 

laying eggs on water containing its predator. 

The interaction between a larval predator and the level of larval food was also studied. 

Oviposition of Ae. albopictus decreased with the presence of predator dragonfly nymphs and 

increased with the increase of food levels [108]. However, the dose dependent effect of food 

levels was not affected by the presence/absence of the predators but rather both were 

independent from each other [108]. 

 

Table 4: Cues of mosquito predators 

Odor 

Attractant Repellent Stimulant Deterrent 
Water with a predator 

Water with Gambusia affinis fish    Cx. tarsalis[12]
 

Water with the predatory fish 

Betta splendens 
   Ae. aegypti[109] 

Water with the hemipteran 

predator N. maculate 
   

C. 

longiareolata[13,99] 

Water with the predacious 

copepod Mesocyclops longisetus 
  Ae. aegypti[106]  

Water with the predator Anax 

imperator 
   

C. 

longiareolata[102] 

Water with Anisops debilis    
C. 

longiareolata[110] 

Water with the predator cues 

(water previously contained a 

predator) 
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Water with the cues of Gambusia 

affinis 
   

Cx. 

quinquefasciatus, 

Cx. tarsalis[101] 

Cx. pipiens 

complex[100] 

Water with the cues of N. 

maculate 
   

C. 

longiareolata[13] 

Water with the cues of the 

predacious beetle Eretes griseus 
   

Cx. 

tritaeniorhynchus
[104] 

Water with the cues of M. 

longisetus 
  Ae. aegypti[106]

  

Compounds released by a 

predator 
    

Compounds isolated from N. 

maculate water (n-heneicosane 

and n-tricosane) 

   
C. 

longiareolata[103] 
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Synthetic compounds that affect mosquito oviposition 

In addition to natural cues, some synthetic compounds were found to influence mosquito 

oviposition (Table 5). Some of these compounds were first isolated from plant infusions, 

bacterial cultures, or mosquito immature stages (included in Table 1, 2, or 3 for convenience). 

In addition, ester compounds which are the most active functional group of many dipteran 

sex pheromones [111], also received an interest as potential oviposition cues. Some fatty acid 

esters were found to stimulate/attract mosquito oviposition [112,113] while others are 

oviposition deterrents/repellents [112-114]. All these compounds, however synthetic, could 

resemble compounds that are ecologically significant for mosquito oviposition and convey 

similar information to gravid females in nature. On the other hand some other synthetic 

compounds (including known host seeking repellents) with no known ecological significance 

were also found to influence mosquito oviposition [16,17]. 

 

Table 5: Synthetic oviposition compounds 

Odor 
Attractant Repellent Stimulant Deterrent 

Fatty acid esters 

Heptadecyl butanoate, 

Pentadecyl hexanoate, 

Tetradecyl heptanoate, 

Tridecyl octanoate, Butyl 

heptadecanoate 

   

Ae. albopictus, 

Ae. aegypti[112] 

A. stephensi[113] 

Octyl tridecanoate    
Ae. albopictus, 

Ae. aegypti[112] 

Undecyl decanoate   
A. 

stephensi[113] 

Ae. albopictus, 

Ae. aegypti[112] 

A. stephensi[113] 
Decyl undecanoate, Nonyl 

dodecanoate 
  

A. 

stephensi[113] 
Ae. albopictus, 

Ae. aegypti[112] 

Dodecyl nonanoate   
A. 

stephensi[113] 
Ae. aegypti[112] 

Octadecyl propanoate    

Ae. albopictus, 

Ae. aegypti[112] 

A. stephensi[113] 

Hexyl pentadecanoate   
Ae. 

albopictus[112]
 

Ae. 

albopictus[112] 

A. stephensi[113] 
Heptyl tetradecanoate   Ae. Ae. 
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albopictus[112]
 albopictus[112] 

Propyl octadecanoate   

Ae. 

aegypti[112] 

A. 

stephensi[113] 

Ae. 

albopictus[112] 

Pentyl hexadecanoate   
A. 

stephensi[113]
 

 

Hexadecyl pentanoate  

Ae. albopictus, Ae. 

aegypti, A. 

stephensi[114] 
 

Ae. albopictus, 

Ae. 

aegypti[112,114] 

A. 

stephensi[113,114] 

Mosquito host seeking 

repellents 
    

Diethyl m toluamide 

(DEET, mosquito 

repellent) 

  Ae. aegypti[16]
 

Ae. albopictus, 

Cx, 

quinquefasciatus
[16] 

Ae. aegypti[16,115] 

Diethyl phenyl 

acetamide (DEPA, 

mosquito repellent) 

  Ae. aegypti[16]
 

Ae. albopictus, 

Ae. aegypti, Cx. 

quinquefasciatus
[16] 

Diethyl benzamide 

(DEB, mosquito 

repellent) 

Ae. 

aegypti[16] 
  

Ae. albopictus, 

Cx, 

quinquefasciatus
[16] 

1-(3-cyclohexen-1-

ylcarbonyl)-piperidine, 

1-(3-cyclohexen-1-

ylcarbonyl)-2-

methylpiperidine 

(mosquito repellents) 

   
Ae. 

albopictus[115]
 

A compound with no 

ecological significant 
    

Acetic acid   
Cx pipiens 

pallens[17] 
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Conclusion 

Natural selection favors individuals that invest in their progeny. Therefore, adaptation of 

mosquitoes towards cues from oviposition sites could have evolved over time to enable 

mosquitoes to choose habitats that are most suitable for their offspring. Availability of food 

and absence of competition, predators and pathogens are among those conditions that favor 

larval growth and thus encourage oviposition. However, some mosquito species are attracted 

for oviposition by cues from the predators or plants that negatively affect their larvae. The 

reason for this oviposition attraction towards unsuitable conditions is not known. 

In nature, cues from different sources interact to shape mosquito oviposition decisions. Tree 

leaves falling on water encourage microbial growth and both contribute to mosquito larval 

diet. Therefore, cues from both sources mix together to send information of food availability 

for egg depositing mosquitoes. Studies have shown the oviposition attractant effect of 

microbes isolated from plant infusion suggesting that cues of these microorganisms could be 

sufficient for attracting mosquitoes to lay eggs. Similarly, cues from mosquito immature 

stages are sufficient for attracting oviposition but mixing these cues with cues from plant 

infusions yields an additive effect that is stronger than either of them alone. 

Mosquito species differ in their response to oviposition cues. Mosquitoes live in different 

habitats, each of which contains its own food sources, predators, and pathogens. Therefore, 

different mosquito species have evolved to prefer/avoid specific cues from their habitat. This 

suggests that the response of mosquitoes towards oviposition cues is an innate response. 

However, experience within the life span of a mosquito could alter its oviposition response 

towards an odor. Rearing mosquito larvae in water containing a known deterrent results in an 

oviposition attraction towards that compound afterwards. This could be due to a potential 

association at the larval/pupal and early adult stages between an odor (conditioned odor) and 

the nutrients in the water. 
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Future studies are needed to explain the attraction of some mosquito species to cues from 

unsuitable oviposition sites. In addition, the interactions between different cues and whether 

one of these cues could be sufficient for attracting mosquito oviposition in nature are open 

questions for future research. 
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Chapter 2 

 

 

Gravid females of the mosquito Aedes aegypti avoid oviposition on 

m-cresol in the presence of the deterrent isomer p-cresol 
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Abstract 

p-cresol (4-methylphenol) and its isomer m-cresol (3-methylphenol) have been shown to 

activate the same sensilla in Aedes aegypti (Linnaeus) mosquitoes. Whereas p-cresol has been 

suggested to play a role in oviposition site choice, the behavioral significance of m-cresol is 

unknown. 

Here, we assayed the oviposition behavior of Aedes aegypti towards p-cresol and m-cresol 

using cage assay. Specifically we tested different concentrations of p-cresol (10
-12

-10
3 

ppm) 

and m-cresol (10
-1

-10
3 

ppm), the 1:1 mixture of the two compounds at 10
2
 ppm, and the two 

individual compounds at 10
2
 ppm together in the same cage. We show that (1) p-cresol is 

stimulant at a low concentration and deterrent over a broad range of higher concentrations 

(10
-8

-10
3 

ppm), while m-cresol was behaviorally ineffective, except for a deterrent effect at 

the highest concentration (10
3 

ppm) (2) in concentration choice tests (different concentrations 

tested against each other), both compounds were deterrent only at the highest concentration 

(3) a 1:1 mixture of both compounds exhibited a deterring effect on oviposition (4) when 

presented in separate cups but together in the same cage, p-cresol and m-cresol (10
2
 ppm) 

both received significantly less eggs than water alone. 

Our results suggests that p-cresol is a strong oviposition deterrent with a stimulant effect at 

only a very low concentration, while m-cresol is not a deterrent per se. However, in the 

presence of p-cresol in the vicinity, m-cresol acts as a deterrent. This finding adds a new twist 

to the possible interactions of different odors in oviposition site choice: not only the source 

itself, but nearby odors also influence a mosquito's choice. 

Key Words: Mosquitoes, odor, egg laying, deterrence. 
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Introduction 

With a relatively short life cycle and a limited number of oviposition events, choosing a 

substrate for oviposition is a critical decision for mosquitoes. Mosquitoes depend on olfactory 

cues to locate their oviposition sites, in addition to other cues (visual, tactile) [2,116]. Odors 

of oviposition substrates may carry information about food availability [8,40], the presence of 

conspecific larvae [11,31], or predators [103], and thus play a critical role in choosing a 

suitable oviposition site for the offspring. For example, mosquito larvae feed on 

microorganisms that develop on plant detritus in the water, and the type of detritus affects 

growth and survival of the larvae [35-37]. Gravid females that are attracted and/or stimulated 

to egg laying by the smell of plant infusions might use this smell as an indicator for the 

quality of food resources at that site [9,38,41]. 

A clear terminology was proposed to describe olfactory cues that affect mosquito oviposition 

decision [32]; an “oviposition attractant” is a substance that encourages gravid females to 

make oriented flights towards the oviposition substrate while a “stimulant” is a substance that 

elicits oviposition. Also, a “repellent” is a substance that encourages an oriented flight away 

from the oviposition substrate while a “deterrent” is a substance that inhibits oviposition. 

Here, we follow this terminology. 

p-cresol is a key volatile component present at a concentration of 1.99 mg/liter (1.99 ppm) in 

crude extract of Bermuda grass infusion [39]. Bermuda infusions were shown to either 

stimulate [20] or to deter/repel [18,21] oviposition of Ae. aegypti gravid females (Fig. 1). p-

cresol alone at a concentration of 0.01 or of 1.0 µg/liter (10
-5

 or 10
-3

 ppm) deterred 

oviposition in Ae. aegypti, but this deterring effect disappeared at 10
-1 

ppm [18] (Fig. 1). In 

contrast, p-cresol was found stimulant in another study, where 20 µl 10
-4

 solution was applied 

on a filter paper which was afterwards half submerged in a 50 ml volume of water, resulting 

in a dilution of nominally 0.04 µl/l, i.e. 4*10
-5

 ppm [19]. 
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p-cresol was also tested in other species (Fig. 1): it is an oviposition attractant for Aedes 

triseriatus at 3 and 10 ppm [23,64]. In addition, it attracted gravid Culex quinquefasciatus 

and Culex tarsalis at 0.1 µg/liter (10
-4

 ppm) [33]. p-cresol also stimulated egg laying of Cx. 

quinquefasciatus at a 100 µg/liter (10
-1 

ppm) [29]. p-cresol stimulated oviposition in two 

species of Toxorhynchites mosquitoes (Tx. brevipalpis and Tx. amboinensis) at concentrations 

of 1, 10 and 50 ppm while it stimulated oviposition of Tx. splendens at 10 ppm [117]. p-

cresol stimulated Aedes albopictus oviposition at 0.01 µg/liter (10
-5

 ppm) [18]. In a separate 

study, three concentrations of p-cresol (0.083, 0.83 and 8.3 mg/liter) were repellent against 

Ae. albopictus gravid females, with the greatest effect at 8.3 mg/liter (8.3 ppm), suggesting 

that p-cresol acts as a deterrent for several mosquito species [65]. 

Thus, p-cresol elicited a wide range of responses with different mosquito species 

(Summarized in Fig. 1), with a negative effect only on Ae. albopictus and Ae. aegypti. In 

addition, reports about the response of Ae. aegypti are contradictory for similar 

concentrations of p-cresol; deterrent at 10
-5

 and 10
-3

 but stimulant at 4*10
-5

 ppm. We 

therefore sought to reexamine the effect of p-cresol on Ae. aegypti oviposition over a wide 

range of concentrations under unified experimental conditions. 
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Fig. 1. A summary of literature data shows the published effects of p-cresol on different 

mosquito species. p-cresol has different effects (positive, negative and no effect) on various mosquito 

species. Data are contradictory for the effect of p-cresol on Ae. aegypti at 10
-5

-10
-3 

ppm concentration 

range. The effect of Bermuda grass infusion on Ae. aegypti is also plotted (at 1.99 ppm p-cresol). Data 

from: [18-21,23,29,33,39,64,65,117]. 

 

In behavioral studies, the isomer m-cresol stimulated oviposition of Ae. triseriatus at 3 ppm 

[23] and stimulated/attracted oviposition of gravid Toxorhynchites moctezuma and 

Toxorhynchites amboinensis mosquitoes [24]. For Ae. aegypti, Siju et al [22] measured the 

responses of sensilla trichodea in females against p-cresol and m-cresol across the 

gonotrophic cycle using single sensillum recordings. Some receptor cell types showed similar 

responses for both odorants, and the sensitivity to both odorants increased after blood feeding 

in some of the short blunt tipped II trichoid sensilla, suggesting that these substances might 

be perceived similarly by the female mosquito and that also m-cresol might have a role in 

oviposition [22]. However, m-cresol has not yet been tested behaviorally against Ae. aegypti 

at any concentration; it is not known whether the similarity in structure and receptor cell 

response towards the two isomers would result in a similar deterring effect of the two 
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isomers. Equally unknown is the effect of the two compounds presented together or in a 

mixture. 

Therefore, in this study, we used a laboratory bioassay to test the oviposition behavior of Ae. 

aegypti towards differing concentrations of p-cresol (10
-12

-10
3 

ppm) and m-cresol (10
-1

-10
3 

ppm), the 1:1 mixture of the two compounds at 10
2
 ppm, and the two individual compounds 

at 10
2
 ppm together in the same cage. 
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Materials and methods 

Mosquito colony 

Ae. aegypti eggs were obtained from Biogents AG (Regensburg, Germany). After hatching, 

mosquito larvae were fed on fish food (TetraMin®, Tetra GmbH, Melle, Germany) every 

other day. Cotton pads soaked with sugar solution (10%, w/vol) were provided to feed adult 

mosquitoes as a source of carbohydrates. Mosquito females were blood fed on pigeons for 

egg laying. Mosquitoes were raised and all experiments were done in a climate chamber 

maintained at a 25-28 °C temperature, 60-70 % relative humidity and L12:D12 photoperiod. 

The climate chamber was in complete darkness during the dark cycle (between 7 pm and 7 

am). Animal use followed European and German legal regulations. 

Bioassay 

Oviposition response was tested following previously described bioassay [40,49] with some 

modifications. Experiments were done in white plastic mosquito boxes (30 x 30 x 30 cm) 

with three mesh sides. At the day of experiment, each box was provided 20 blood fed females 

(1-2 week old, four days post blood feeding) and the oviposition cups: two cups for each 

stimulus when testing one odorant or the mixture against water, or one cup of each odorant 

when testing more than one odorant/concentration in the same cage. In all experiments, 

oviposition cups were placed pseudorandomly at fixed positions in the corners of the cage. 

We also tested whether the gravid females have an initial preference towards any of the four 

positions. A “non-choice” experiment was done in which the mosquitoes were offered four 

cups of clean water. Mosquitoes distributed the eggs equally in the four cups (ANOVA, 

p=0.8, n=5) showing no position bias between the different corners of the cage. 

Oviposition cups were white plastic cups (181 ml) that contained 30 ml of the test solution 

and a piece of brown coffee filter paper (Melitta®, Minden, Germany). Filter paper was not 

treated before the experiments, thus any potential background odor from the paper was equal 
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throughout all experiments. The bottom edge of the filter paper was cut and then twisted into 

a pointed closed edge to prevent mosquitoes from laying eggs outside the filter paper. Then 

the filter paper was partially immersed in the stimulus solution (Fig. 2A). Experiments started 

at 3-4 pm and were stopped at 10 am the next morning. Plastic cups were discarded after one 

use. The total number of eggs on each filter paper was counted (Fig. 2B, C). 

 

Fig. 2. Oviposition cup and the filter paper. 

A) Oviposition cup with a filter paper 

immersed in the test solution, the bottom edge 

of the filter paper is cut and closed in a 

pointed shape. B) Opened filter paper with Ae. 

aegypti eggs ready for scanning. C) A piece of 

the filter paper with high magnification 

showing the individual eggs 

 

 

 

 

 

 

 

 

 

 

We tested p-cresol and its isomer m-cresol (Fig. 3). We prepared stock solutions of p-cresol 

(SAFC, St. Louis, USA. ≥98% purity) and m-cresol (Sigma Aldrich, St. Louis, USA. 99% 

purity) in n-hexane (Fisher, Loughborough, UK. 99% purity) and added 1 ml of each solution 

to 30 ml of water to reach the indicated final concentration. We also added 1 ml of n-hexane 
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to the 30 ml of water in control cups. We allowed n-hexane to evaporate for 30 min before 

adding the filter papers. Control experiments showed that n-hexane had completely 

evaporated after these 30 min (data not shown). 

 

Fig. 3. Chemical structure of p-cresol and 

m-cresol. 

 

 

 

 

 

Odorants were tested in the following conditions: 

1- A range of decreasing concentrations of p-cresol (10
3
-10

-12
 ppm). 

2- A range of decreasing concentrations of m-cresol (10
3
-10

-1
 ppm). We did not test 

beyond 10
-1

 ppm because the range 10
2
-10

-1
 ppm did not elicit any behavioral effect. 

3- Series of three consecutive concentrations in one cage (either 10
-1

, 10
0
, 10

1
; or 10

1
, 

10
2
, 10

3 
ppm) tested against water, for both isomers. 

4- A 1:1 mixture of both compounds at 10
2
 ppm (50 ppm of each compound) against 

water. 

5- p-cresol and m-cresol compared to each other at 10
2
 ppm (together in the same cage 

against water) to test for interactions between the two compounds. 

All experiments were performed separately in a closed climate chamber, and only one odor 

was tested at a time (except when testing interactions) to reduce the effect of background 

odors. 
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Analysis 

Filter papers were opened (Fig. 2B), dried, scanned using an Epson perfection 1670 scanner 

(Seiko Epson Corporation, Suwa, Nagano, Japan) and the photos were then analyzed using 

ImageJ [118] for egg numbers. 

First, images of egg papers were converted into 8 bit images, and then the “Threshold” 

function in ImageJ was used to select the dark areas in the image. A threshold was set to 

select the area of all eggs without selecting other areas in the image. The “Analyze particles” 

function was then used twice to: 

1- Calculate the total area of all eggs. The function was set to calculate the area of all 

particles from 40 pixels (minimum area of an egg) to infinity. 

2- Calculate the average area of an egg. The function was set to calculate the average area of 

all particles from 40 pixels (minimum area of an egg) to 70 pixels (maximum area of an 

egg). 

Finally, the number of eggs on the filter paper was calculated as the ratio of the two readings 

of total area and average area of the individual egg: 

egg number = total egg area / average area of one egg. 

Automatic counting was verified by randomly selecting 10 egg papers and comparing the 

results with visual counts using a stereomicroscope. There was no significant difference 

between automatic and manual counting (291±105 eggs in the automatic counts and 295±115 

in visual counts, mean±SD, paired t-test, n=10, p=0.713). 

For a comparison between the effect of different concentrations (like in Fig. 4), we used the 

oviposition activity index (OAI) described by Kramer and Mulla [119]: 

ST

ST

N  N

N  N
  OAI

-


  

NT = number of eggs laid on the test solution. 

http://en.wikipedia.org/wiki/Suwa,_Nagano
http://en.wikipedia.org/wiki/Nagano_Prefecture
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NS = number of eggs laid on the control solution. 

The OAI values fall within -1 and 1, where negative values indicate a deterrent effect and 

positive values indicate a stimulant effect. 

The data of all experiments are discrete numbers, and eggs laid in one cup cannot be laid in 

other cups. However, egg numbers were high and resulted normally distributed. Therefore we 

used parametric significance tests. Paired t-tests were used where appropriate. For multiple 

comparisons, two-way ANOVA with the factors "cup", "cage" and "interaction" was used 

followed by pairwise t-tests with Holm correction. There was no significance for factors 

"cage" or "interaction" in any of the experiments, so we omit reporting their values. All 

analyses were conducted in R [120]. 
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Results 

Oviposition effect of p-cresol 

We tested the oviposition effect of p-cresol against water for decreasing decadic 

concentration steps 10
3
-10

-12
 ppm (Fig. 4). In the upper concentration range (10

-8
-10

3
 ppm), 

p-cresol had a deterrent effect on Ae. aegypti oviposition (p=0.012, 0.020, 0.016, 0.017, 

0.025, 0.005, 0.006, 0.048, 0.008, 0.008, 0.009 and 0.003 for 10
-8

, 10
-7

, 10
-6

, 10
-5

,10
-4

, 10
-3

, 

10
-2

, 10
-1

, 10
0
, 10

1
, 10

2
 and 10

3
 ppm p-cresol, respectively, individual paired t-tests). At 10

-9
 

ppm p-cresol had no effect (p=0.629), at 10
-10

 ppm it was stimulant (p=0.021), and when 

further diluting it was ineffective (p=0.527 and 0.866 for 10
-12 

and 10
-11

 ppm, respectively). 

Thus, the effect of p-cresol onto oviposition was dose-dependent: deterrent at high 

concentrations, and stimulant at low concentration. 

 

 

Fig. 4. Oviposition activity indices (OAI) of p-cresol at a broad range of concentrations. p-cresol 

shows a dose dependent oviposition effect on Ae. aegypti gravid females, in which a low 

concentration (10
-10 

ppm) is stimulant while higher concentrations (10
-8

-10
3 

ppm) are deterrent. Each 

data point represents the mean OAI and standard error of five oviposition cages (n=5) except for 10
2
 

ppm (n=13). 
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Oviposition effect of m-cresol 

We tested the oviposition effect of m-cresol against water for decreasing decadic 

concentration steps 10
3
-10

-1
 ppm (Fig. 5). At 10

3
 ppm m-cresol was highly deterrent 

(p=0.003). At lower concentrations, m-cresol was not behaviorally active (p=0.722, 0.906, 

0.136 and 0.766 for 10
-1

, 10
0
, 10

1
, and 10

2
 ppm, respectively, individual paired t-tests). Given 

the lack of responses in this range, we did not test even lower concentrations. 

 

 

Fig. 5. Oviposition response of Ae. aegypti to different concentrations (individually tested) of m-

cresol. At the concentrations 10
-1

 ppm (A) to 10
3
 ppm (E) m-cresol shows a deterrent effect only at 

high concentrations; only 10
3
 ppm m-cresol received a statistically significant lower number of eggs 

than water (p=0.003, paired t-test). (n=5 for a, b, c, e; n=13 for d). Asterisk indicates p<0.05. 

 

Comparative concentration effects for p-cresol and m-cresol 

When given a choice of different concentrations, mosquitoes were deterred by cresols only at 

the highest concentration of 10
3
 ppm (Fig. 6). Specifically, when presented with the choice of 

p-cresol at concentrations 10
-1

, 10
0
, 10

1
 ppm and water, none of the cups was deterrent 

(p=0.222, two-way ANOVA, Fig. 6A). Similarly, when presented with the choice of m-

cresol, concentrations 10
-1

, 10
0
, 10

1 
ppm and water, none of the cups was deterrent (p=0.115, 

two-way ANOVA, Fig. 6C). However, when the cups offered 10
3
 ppm p-cresol, the group 
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effect was highly significant (p<0.001, two-way ANOVA): 10
3
 ppm was deterrent in 

comparison with water (p<0.001, post hoc pairwise t-test with Holm correction) and also in 

comparison with 10
1
 ppm (p=0.015, post hoc pairwise t-test with Holm correction), while 

10
2
, 10

1
 ppm were not significantly different from water or each other (Fig. 6B). Similarly, 

when the cups offered 10
3 

ppm
 
m-cresol, the group effect was significant (p=0.010, two-way 

ANOVA): 10
3
, 10

2
, 10

1
 ppm were not significantly different from each other in egg counts 

while only 10
3
 ppm was deterrent compared with water (p=0.039, post hoc pairwise t-test 

with Holm correction). 10
2 

ppm
 
m-cresol received a lower number of eggs than water but the 

difference was marginally not significant (p=0.054, post hoc pairwise t-test with Holm 

correction, Fig. 6D). 
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Fig. 6. Oviposition response of Ae. aegypti to different concentrations (concentration choice test) 

of p-cresol and m-cresol. A) Response to water and 10
-1

 ppm, 1 ppm and 10 ppm of p-cresol were 

not statistically different (n=5). B) Response to water and 10 ppm, 10
2
 ppm and 10

3
 ppm of p-cresol 

showed that increasing concentrations were increasingly deterrent (n=5). C) Response to water and 

10
-1

 ppm, 1 ppm and 10 ppm of m-cresol (n=5) shows no deterrent effect of m-cresol. D) Response to 

water and 10 ppm, 10
2
 ppm and 10

3 
ppm of m-cresol (n=5) shows a deterrent effect at high 
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concentrations. Different letters indicate statistically significant differences. Pairwise t-test with Holm 

correction. 

 

Effect of mixing m-cresol and p-cresol 

We then tested whether a mixture of both compounds preserves the deterring effect of p-

cresol or not. We used a concentration of 10
2
 ppm (50 ppm of both compounds). At this 

concentration p-cresol alone was deterrent (Fig. 7A), while oviposition on m-cresol did not 

differ from water (Fig. 7B). The mixture received significantly lower number of eggs than 

water (p=0.008, paired t-test, Fig. 7C), indicating that adding m-cresol does not diminish the 

deterrent effect of p-cresol. 

 

Fig. 7. 

Oviposition response of 

Ae. aegypti to single odors 

and their mixture tested 

against water. A) p-cresol 

at 10
2
 ppm was deterrent 

(p=0.009, paired t-test, 

same data as Fig. 4, 

replotted for comparison, 

n=13). B) m-cresol at 10
2 

ppm was not deterrent 

(p=0.766, paired t-test, 

same data as Fig. 5D, 

replotted for comparison, n=13). C) The mixture was deterrent (p=0.008, paired t-test, n=11). Asterisk 

indicates p<0.05. 

 

Cross-influence of p-cresol and m-cresol in the same cage 

Given that odorants in the environment influence substrate choice, we asked whether gravid 

Ae. aegypti might behave differently towards m-cresol when the isomer p-cresol is also 

present in the air. Therefore, we tested a concentration of 10
2
 ppm m-cresol and p-cresol 
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against each other and water in the same cage. As reported above, at these concentrations m-

cresol was not behaviorally active (Fig. 7B), while p-cresol was deterrent (Fig. 7A). When 

offered side-by-side in the same cage, the group effect was highly significant (p<0.001, two-

way ANOVA), and p-cresol received a significantly lower number of eggs than water 

(p<0.001, post hoc pairwise t-test with Holm correction, Fig. 8). Surprisingly, however, m-

cresol also received a significantly lower number of eggs than water (p=0.001, post hoc 

pairwise t-test with Holm correction, Fig. 8), not significantly different from that laid on p-

cresol. 

 

Fig. 8. Oviposition response of Ae. aegypti 

to m-cresol, p-cresol and water within the 

same cage. m-cresol at 10
2
 ppm is deterrent 

(p=0.001, Pairwise t-test with Holm 

correction) in the presence of p-cresol (n=9). 

Different letters indicate statistically 

significant differences of mean. 
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Discussion 

Here we demonstrate that p-cresol has a dose dependent effect on Ae. aegypti oviposition 

(Fig. 4). p-cresol deterred oviposition at a broad range of concentrations (10
-8

-10
3
 ppm), and 

was stimulant only at 10
-10

 ppm. Our results agree with the literature in that p-cresol is a 

strong deterrent for Ae. aegypti oviposition, however they contradict results from an earlier 

report that p-cresol is not deterrent at 100 µg/liter (10
-1

 ppm) [18] and a recently published 

report that showed the stimulant effect at 4*10
-5

 ppm concentration [19]. 

The dose dependent effect of p-cresol is a common phenomenon with odors that affect 

mosquito oviposition, in which an odor is stimulant/attractant at low concentrations and 

deterrent/repellent at higher concentrations. 3-methylindole (Skatole) has a similar dose 

dependent effect on the oviposition of Cx. quinquefasciatus [33], Toxorhynchites moctezuma 

and Tx. amboinensis [24]. This effect is also reported for the oviposition pheromone erythro-

6-Acetoxy-5-hexadecanolide on Cx. quinquefasciatus oviposition [54] and for undecyl 

decanoate on the oviposition of Anopheles stephensi [113]. Plant infusions also have a dose 

dependent effect in which the mass of plant material and fermentation period play a major 

role in determining the effect of the infusion on oviposition [8,21,121]. The dose dependent 

effect of p-cresol (alone or in interaction with other compounds) could therefore explain the 

contradictions in the oviposition effect of Bermuda grass infusions reported earlier 

[18,20,21]. 

On the other hand, the isomer m-cresol was not deterrent except at the highest concentration 

(10
3
 ppm), irrespective of whether concentrations were tested individually (Fig. 5) or as a 

choice across concentrations (Fig. 6). 

The weak deterrent effect of 10
2
 ppm m-cresol when tested in concentration choice test 

disappeared when this concentration was tested alone against water. Thus, this weak deterrent 

effect is not due to the 10
2 

ppm concentration of m-cresol per se, but rather the result of 
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testing a range of concentrations together. This means that m-cresol is a weak deterrent that 

affects oviposition only at high concentration (10
3
 ppm). We conclude that the two isomers p-

cresol and m-cresol elicit quite dissimilar oviposition responses in Ae. aegypti gravid females. 

This is somewhat surprising, given that the responses to both odorants increase after blood 

feeding, and that both activate an overlapping set of responses in receptor cells housed in the 

same sensilla [22]. Whether the deterrent effect of m-cresol at high concentrations might be 

due to cross-talk with a receptor more sensitive to p-cresol remains to be tested. 

Notably, p-cresol which showed a deterrent effect over a wide range of concentrations when 

tested individually, showed a deterrent effect only at 10
3
 ppm in concentration choice test. 

The comparison of these two experiments suggests that not only the odorant emitted from the 

substrate influenced a mosquito’s behavior, but odorants present in the air of the environment 

also affected the gravid female's choice. 

However, when m-cresol was mixed 1:1 with p-cresol at 10
2
 ppm concentration, this mixture 

was deterrent (Fig. 7C), indicating that m-cresol had no effect on p-cresol. 

Finally, we tested m-cresol and p-cresol at 10
2
 ppm together in the same cage. This 

concentration was chosen because it is the highest neutral concentration of m-cresol while it 

has a strong deterrent effect with p-cresol. Therefore, we assumed that the presence of p-

cresol could alter the effect of m-cresol at this concentration. We show that m-cresol received 

a significantly lower number of eggs than water when tested together in the same cage with 

p-cresol (Fig. 8). This suggests that the response of Ae. aegypti gravid females towards a non-

deterrent concentration (10
2
 ppm) of m-cresol changes when its deterrent isomer p-cresol is 

present in the same cage. The deterrent effect of m-cresol that appears only in the presence of 

p-cresol could be due to olfactory generalization. When searching for an oviposition site, 

mosquitoes land on potential substrates to test the suitability of that substrate to oviposition. 

If p-cresol works only as a short range deterrent rather than repelling mosquitoes from a long 



51 
 

distance, a mosquito would have to land on the p-cresol vial before deciding that it is not 

suitable for oviposition. After experiencing such a strong deterrent (10
2
 ppm p-cresol), the 

mosquito might generalize the repellent effect to other, similar, odors, which might resemble 

that deterrent odor (m-cresol), and direct most of the eggs to a less similar odor (water). 

Another explanation could be that the mosquitoes smell a mixture of the two odors in the air 

inside the cage. This diffused odor mixture would have a high concentration of the p-cresol 

component and a lower concentration of the m-cresol component around the p-cresol cup. 

Conversely, the odor mixture would have high concentration of the m-cresol component and 

a lower concentration of the p-cresol component around the m-cresol cup. This means that the 

mosquitoes might have perceived the odor of p-cresol at the m-cresol cup. In this case, the 

gravid female probably also smells a mixture of the two odors around the water cup but at a 

lower concentration and therefore prefers it over the p-cresol and m-cresol cups. It would be 

interesting to test, in future studies, the mixture effect and interaction between p-cresol and 

m-cresol at a range of concentrations, and varying relative concentrations, other than 100 

ppm. 

Ae. aegypti is a vector for yellow fever, dengue and chikungunya diseases. Understanding the 

factors affecting their oviposition behavior is important to predict their distribution patterns 

and to develop control programs. Here, we show that p-cresol could be used at a wide range 

of concentrations to deter oviposition of Ae. aegypti. A possible use of this deterrent is in 

control programs that follow a push and pull strategy, in which a deterrent is used to deter 

oviposition from one site and an attractant is used to attract oviposition to another site. Here, 

because at a distance p-cresol is likely to occur at low concentrations, and thus be a stimulant, 

using this substance would reinforce the push-pull strategy. We also showed that p-cresol 

could work as an oviposition stimulant at a very low concentration and therefore could 

explain the stimulant effect of Bermuda infusions. 
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We show that m-cresol does not have the potential of a deterrent for Ae. aegypti. 

Nevertheless, understanding why m-cresol is perceived as a deterrent in the presence of p-

cresol in adjacent cups could help understand oviposition behavior of Ae. aegypti and how 

this behavior could change in nature when mosquitoes experience complex odors rather than 

single substances. 

Importantly, in this study, we show that oviposition choice is not only determined by the odor 

of the substrate (as a potential breeding ground for the larvae), but also by the odors present 

in the surrounding air. Females responded differently to identical stimuli depending on 

whether other stimuli were present in the same cage or not. p-cresol in adjacent pots 

increased, or even induced, a deterrent effect of other odorants (notably m-cresol, Fig. 8), or 

reduced a deterrent effect (on lower concentrations of p-cresol, Fig. 6). This observation 

might relate to substrate choice in the wild: not only the substrate microcosmos is important, 

but also the larger-scale environment may have an important influence on oviposition site 

choice. This finding adds a note of complexity to pest control schemes: any bait placed in 

nature will affect nearby baits or natural oviposition sites, and will be affected by them, and 

these effects can go either towards stronger or towards weaker effects. These air-borne 

interactions need careful attention in future studies on oviposition-affecting odors. Future 

studies using semi-field or field assays will need to address how background odors influence 

the behavioral effect of p-cresol, and how the dose-dependent behavioral switch affects 

mosquito oviposition in nature. 
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Chapter 3 

 

 

Different repellents for Aedes aegypti against blood-feeding and 

oviposition. 
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Abstract 

Methyl N,N-dimethyl anthranilate (MDA), ethyl anthranilate (EA) and butyl anthranilate 

(BA) were previously shown to repel Aedes aegypti mosquitoes from landing on human skin. 

However, the effect of these compounds on the orientation of flying mosquitoes in a choice 

situation and their effect on mosquito oviposition are not yet known. Here, we used a 

modified Y-tube olfactometer to test the effect of these compounds on the orientation of 

Aedes aegypti flying towards skin odor (human fingers), and we tested their effect on Aedes 

aegypti oviposition choice in a cage assay. In both behavioral situations we compared the 

effect to the well-documented repellent N,N-diethyl-meta-toluamide (DEET). MDA, EA, and 

DEET inhibited Aedes aegypti from flying towards skin odor while BA had no such effect. 

Conversely, MDA had no effect on oviposition while EA, BA, and DEET deterred 

oviposition, with the strongest effect observed for BA. Thus, we confirm that EA and DEET 

are generally repellent, while MDA is repellent only in a host-seeking context, and BA is 

deterrent only in an oviposition context. These compounds appear of potential use in 

mosquito control programs. 

Key words: Mosquitoes, Aedes aegypti, repellent, skin odor, deterrent, oviposition. 
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Introduction 

The role of olfactory cues in shaping mosquito behavior in response to host odor has been 

studied extensively [3,122-124]. In those studies, the use of olfactometers was established to 

monitor the orientation (attraction/repellency) of flying mosquitoes towards an odor source. 

In other studies, a mosquito landing approach was used in which the number of mosquitoes 

landing on a treated substrate (e.g. human skin) was used as indicator for 

attraction/repellency of the compound [6,125,126]. 

Methyl N,N-dimethyl anthranilate (MDA), ethyl anthranilate (EA) and butyl anthranilate 

(BA) are three non-toxic compounds, that were recently shown to elicit an avoidance 

behavior with host seeking Ae. aegypti mosquitoes in a caged landing assay [6]. In that assay, 

a human hand was inserted in a mosquito cage protected by a net while an intermediate net 

was treated with the substance to be tested. Thus, mosquitoes had a choice between landing 

and not landing on the net surface [6]. In nature, mosquitoes do not encounter only one odor 

choice in still air, but rather fly through turbulent air streams that might contain different 

choices of odors. Therefore, we tested the orientation response of flying mosquitoes when 

given a choice of skin odor plumes against skin odor plumes turbulently mixed with putative 

repellents. 

Odors influencing host seeking mosquitoes may also affect oviposition. Three known 

mosquito repellents (diethyl phenyl acetamide, diethyl benzamide, and N,N-diethyl-meta-

toluamide (DEET)) have been shown to deter three mosquito species (Ae. aegypti, Ae. 

albopictus, and Culex quinquefasciatus) from oviposition [16]. Since all three substances also 

act as deterrent in a host-seeking context [127,128], this deterrent effect indicates a general 

repellency of these compounds towards mosquitoes throughout the gonotrophic cycle rather 

than a specialized, ecologically restricted effect on gravid females. Consequently, we 
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hypothesized that MDA, EA and BA could also have a deterrent effect on the oviposition of 

Ae. aegypti mosquitoes. 

In this study, we tested whether the new repellents (MDA, EA and BA), as compared to 

DEET, would affect Ae. aegypti host seeking behavior in a turbulent upwind odor-choice 

condition using a modified Y-tube olfactometer. We also tested in oviposition cages similar 

to those used in the landing assay of the previous study [6], whether these compounds have a 

deterrent effect against Ae. aegypti oviposition at three different concentrations. We found 

that MDA, EA, and DEET repel mosquitoes from flying towards skin odor while BA had no 

effect. On the other hand, MDA had no effect on oviposition while EA, BA, and DEET 

deterred oviposition to different degrees. We suggest a weak effect for BA on host seeking 

mosquitoes and another use for EA, BA, and DEET in mosquito control programs as 

oviposition deterrents. 
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Materials and methods 

Mosquito colony 

An Ae. aegypti colony was initiated in 2010 from eggs obtained from Biogents AG 

(Regensburg, Germany). Mosquitoes were raised in a climate chamber maintained at 25-28 

°C, 60-70 % RH and L12:D12 photoperiod (the climate chamber was in complete darkness 

during the dark cycle between 7 pm and 7 am). After hatching, mosquito larvae were fed on 

fish food (TetraMin®, Tetra GmbH, Melle, Germany) in water every other day. Cotton pads 

soaked with sugar solution (10 %, w/vol) were provided to feed adult mosquitoes as a source 

of carbohydrates. Mosquito females were blood fed on pigeons for egg laying. Animal use 

followed European and German legal regulations. 

Orientation experiments 

A modified Y-tube olfactometer [3] was used to test the orientation response of host seeking 

mosquitoes towards the test compounds. The olfactometer (Fig. 9) was made of Plexiglas and 

consisted of a long "stem" tube (500 mm) with a release chamber (169 mm length) attached 

to one end and a decision chamber to the other end. The decision chamber was a box (230 × 

169 × 100 mm) that branches into two short tubes (160 mm), each ending in a trapping 

chamber (169 mm) and a test/control chamber (162 mm) that delivered the test odorants. 

Compressed air was charcoal filtered (Ultrafilter AK 03/05. Hilden, Germany) and 

humidified in deionized water before it was introduced into the two test branches of the 

olfactometer. The incoming air temperature was kept at 23±1 ºC, relative humidity at 60±5 % 

and air speed at 0.6±0.05 m/s, measured at the center of the stem tube. 
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Fig. 9. Schematic drawing of the modified Y-tube olfactometer. All dimensions are in millimeter. 

 

The odors used were: Methyl N,N-dimethyl anthranilate (MDA), Aldrich, St. Louis, USA; 

Ethyl anthranilate (EA), Aldrich, St. Louis, USA, ≥99% purity; Butyl anthranilate (BA), 

SAFC, St. Louis, USA, ≥99% purity; and N,N-diethyl-meta-toluamide (DEET), Aldrich, St. 

Louis, USA, 97% purity. All odors were diluted to 10% in acetone (Merck, Darmstadt, 

Germany, ≥99.9% purity). In the case of DEET, this dilution is in the range of commercial 

insect repellents [129,130]. A filter paper (VWR, Leuven, Belgium. 90 mm diameter) was 

folded, set in a glass dish (18 mm diameter and 24 mm depth) and soaked with 500 µl of the 

diluted test substance. 500 µl acetone were used as solvent control. After applying the 

test/control solutions to the filter papers, they were left for 5 min in a laminar flow hood to 

allow the acetone to evaporate before they were introduced into the test/control chamber. The 

experimenter provided two fingers through an opening in each chamber behind the glass dish 

to lure the mosquitoes upwind. The use of cosmetics was avoided at the day of the 

experiment and the two hands were rubbed together for 1 min before each trial to achieve 

homogeneity. 20 non-blood fed female Ae. aegypti mosquitoes, 5-10 days old, were placed in 

the release chamber and left for 30 seconds for acclimatization before opening a rotating 
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door. With the door open, mosquitoes could fly upwind in response to the skin odor and enter 

the decision chamber. At this point they had the choice to fly towards the test or the control 

chamber. After 2 min, the number of mosquitoes trapped in each of the two chambers was 

counted. 

All compounds were tested twice with two different skin odors (two experimenters). With 

skin odor 1 (experiment 1), each compound was tested using 5 groups of mosquitoes and 

each group was tested twice to test for side bias (once with the test compound in the right 

chamber and 5 min later with the test compound in the left chamber). With skin odor 2 

(experiment 2), each compound was tested with 7 groups of mosquitoes and each group was 

tested only once while alternating the test compound between right and left chambers. In both 

experiments, four olfactometers were alternated between trials to reduce contamination. 

Oviposition experiment 

Oviposition response of Ae. aegypti towards MDA, EA, BA, and DEET was tested using a 

standard cage assay [40,49]. We used 5 white plastic mosquito cages (30 x 30 x 30 cm) with 

three mesh sides. We placed two oviposition cups and 20 gravid females (1-2 weeks old, four 

days post blood feeding) into each cage. In all experiments, test cups were positioned 

pseudorandomly to one corner and control cups were placed diagonally in the opposite corner 

of the cage. 

Oviposition cups were glass crystallizing dishes (VWR, Darmstadt, Germany. 50 mm 

diameter and 40 ml volume) filled with 30 ml of either the test or the control solution. We 

prepared stock solutions of the four compounds in acetone and added 1 ml of each solution to 

30 ml of water to reach the indicated final concentration (1, 10, or 100 ppm) in test cups 

while 1 ml of acetone was added similarly to water in control cups. After adding the 

compounds or the pure acetone, we allowed the acetone to evaporate for 30 min before 

placing the cups in the cages. 
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Experiments started at 3-4 pm and stopped at 10 am the next morning. The total number of 

eggs in each cup was manually counted and the cups were then rinsed with tap water 

followed by acetone and reused in subsequent experiments. 

Analysis 

For orientation experiments, the Preference Index (PI) was used to indicate the response of 

mosquitoes to repellents in the olfactometer. The Preference Index is calculated as follows: 

chamber controlin  mosquitoes ofNumber  chamber in test  mosquitoes ofNumber 

chamber controlin  mosquitoes ofNumber  -chamber in test  mosquitoes ofNumber 
 PI




 

This gives values from −1 to +1, with 0 indicating neutral response, negative values 

indicating repellency while positive values indicate attraction. 

The Preference Index was calculated for each replicate and arcsine transformed for analysis. 

We first tested for side bias between the first trials (when the test compound was in the right 

side) and the second trials (when the test compound was in the left side) using a paired t-test. 

We did not find a side bias, thus in the second experiment we did not test each group of 

mosquitoes twice any more. 

Afterwards, we pooled all trials and tested the hypothesis that the mean PI for each 

compound is different from a 50:50 choice (PI=0) using Student t-test. 

For the oviposition experiments, egg numbers were high and resulted normally distributed. 

We used a paired t-test to compare the number of eggs between test and control cups. 

For visualization, oviposition data were plotted as Oviposition Activity Index (OAI): 

cup controlin  eggs ofNumber   cupin test  eggs ofNumber 

cup controlin  eggs ofNumber  - cupin test  eggs ofNumber 
 OAI


  

This also gives values from −1 to +1, with 0 indicating neutral response, negative values 

deterrence and positive values a stimulant effect. 

All statistical analyses were done in R [120]. 
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Results 

Orientation behavior of host seeking mosquitoes 

In experiment 1, we tested each group of mosquitoes twice to check for side bias. The 

proportion of mosquitoes choosing MDA, EA, BA, or DEET were not significantly different 

between right and left chambers (p=0.440, 0.649, 0.313, and 0.170, respectively, paired t-test, 

n=5 each, Fig. 10). We therefore pooled all first and second trials together (n=10) and tested 

for repellency of the compounds. MDA, EA, and DEET showed significant repellency with 

mean PIs significantly lower than that of a neutral 50:50 distribution between right and left 

chambers (p<0.001, Student t-test, n=10, Fig. 11A). On the other hand, the proportion of 

mosquitoes that chose BA (PI) was not significantly different (p=0.922, Student t-test, n=10, 

Fig. 11A) from 0 (PI of a 50:50 distribution). In this experiment, the proportion of 

mosquitoes that made a choice (trapped in either the test or the control chamber) when testing 

BA was very low (mean=9.5%) compared with those when testing MDA, EA, and DEET 

(24.5, 65.5, and 39%, respectively). 
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Fig. 10. Preference Index (PI) of MDA, EA, BA, and DEET in both trials of experiment 1. The 

response of non-blood fed Ae. aegypti females to MDA, EA, BA, and DEET did not change 

significantly between first and second trial (p=0.440, 0.649, 0.313, and 0.170, respectively, paired t-

test, n=5). 

 

Because we did not find any side bias in experiment 1, we did not continue to test each group 

of mosquitoes twice in experiment 2, but we nevertheless alternated the test compounds 

between the right and left chambers across trials. In this experiment, there was less variation 

in the proportion of mosquitoes that made a choice (mean=42, 40, 39, and 43.5% when 

testing MDA, EA, BA and DEET, respectively). 

Confirming the results of experiment 1, MDA, EA, and DEET showed significant repellency 

(p=0.004, 0.002, and <0.001, respectively, Student t-test, n=7 each, Fig. 11B) while BA did 

not repel the mosquitoes from flying into the test chamber (p=0.868, Student t-test, n=7, Fig. 

11B). 
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Fig. 11. Preference Index (PI) of MDA, EA, BA, and DEET in experiment 1 and 2. Non-blood 

fed Ae. aegypti females were repelled by MDA, EA, and DEET while BA did not have an effect on 

mosquito orientation. A) Pooled preference index from first and second trial in experiment 1 shows a 

repellent effect for MDA, EA, and DEET (p<0.001, Student t-test, n=10) and no effect for BA 

(p=0.922, Student t-test, n=10). B) Preference index in experiment 2 shows a repellent effect for 

MDA, EA, and DEET (p=0.004, 0.002, and <0.001, respectively, Student t-test, n=7) and no effect for 

BA (p=0.868, Student t-test, n=7). Number of asterisks indicates the level of significance; p<0.05 (*), 

and p<0.001 (***). 

 

Oviposition behavior 

We tested the oviposition effect of the four compounds at three different concentrations (1, 

10, and 100 ppm). MDA was not deterrent at any concentration (p=0.396, 0.472, and 0.484 

for 1, 10, and 100 ppm, respectively, paired t-test, n=5 each, Fig. 12). On the other hand, EA 

had no effect at 1 ppm but was deterrent at 10 and 100 ppm (p=0.774, 0.017, and <0.001, 

respectively, paired t-test, n=5 each, Fig. 12). BA had no effect at 1 ppm (p=0.513, paired t-

test, n=5, Fig. 12) but surprisingly showed a strong oviposition deterrence at 10 and 100 ppm 
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(p<0.001, paired t-test, n=5, Fig. 12). DEET was not deterrent at 1 or 10 ppm and only 

deterrent at 100 ppm (p=0.487, 0.837, and 0.037, respectively, paired t-test, n=5 each, Fig. 

12). 

 

 

Fig. 12. Oviposition Activity Index (OAI) of MDA, EA, BA, and DEET at three different 

concentrations. MDA had no effect on oviposition at 1, 10, or 100 ppm (p=0.396, 0.472, and 0.484, 

respectively, paired t-test, n=5). There was no effect for EA at 1 ppm but deterred oviposition at 10 

and 100 ppm (p=0.774, 0.017, and p<0.001, paired t-test, n=5). BA had no effect at 1 ppm but 

strongly deterred oviposition at 10 and 100 ppm (p=0.513, p<0.001, and p<0.001, respectively, paired 

t-test, n=5). DEET had no effect at 1 and 10 ppm and a weak deterrent effect at 100 ppm (p=0.487, 

0.837, and 0.037, respectively, paired t-test, n=5). Number of asterisks indicates the level of 

significance; p<0.05 (*), and p<0.001 (***). 
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Discussion 

In a previous study, MDA, EA and BA were reported to have a repellent effect against Ae. 

aegypti mosquitoes similar in magnitude to the well-known repellent DEET [6]. In that study, 

an “arm-in cage” assay was used, in which mosquitoes were allowed to land close to but not 

touch the test compounds and the skin, suggesting an olfactory effect of the four compounds 

[6]. However, that assay did not provide information on whether the mosquitoes would be 

affected by plumes of these odors while flying through a moving air stream or not. Here, we 

show using a two-choice Y-tube olfactometer, that MDA, EA, and DEET influenced the 

orientation of flying Ae. aegypti mosquitoes. Host seeking mosquitoes could detect these 

odors in the air at the decision chamber and orient themselves away from the source. On the 

other hand, BA which previously showed a strong repellent effect in arm-in cage assays [6] 

did not influence mosquito orientation in the olfactometer. It is worth to note that when 

testing BA in the first experiment, the percentage of mosquitoes that made a choice was very 

low (9.5%) but it was comparable to the other substances in the second experiment (39%). 

We do not know why the batch of mosquitoes tested for BA in the first experiment was 

unresponsive. Odors from spatially separate sources remain perceptually separate over long 

distances for insects, since their plumes do not fuse uniformly [131,132]. The fact that we 

found a repellent effect of these substances in a situation of turbulent air, and with separate 

odor sources (fingers and odor filter paper) argues that the repellent effect is a direct response 

to the odor, rather than a mixture effect between repellent and skin odor (e.g. a masking 

effect due to creation of olfactory blends). 

In addition, we tested the four compounds for their oviposition effect on Ae. aegypti gravid 

females. In preliminary experiments, we could not stimulate the gravid females to fly through 

the Y-tube olfactometer (data not shown). Therefore, we used the end point of mosquito 

oviposition behavior (number of eggs) as an indicator for the effect of these compounds on 
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oviposition in cage assay; gravid females had the opportunity to land and touch the surface of 

the test solutions before making a decision. We tested 1, 10 and 100 ppm concentrations (10
-

6
, 10

-5
, and 10

-4
, respectively) which are much lower than the concentration tested in the 

orientation experiment (10% which is 10
-1

) because in the oviposition experiment the 

mosquitoes get in contact with the solution and therefore we assumed lower concentrations 

would have an effect on oviposition. Using this cage assay, we could show an inhibitory 

effect on oviposition, but we do not know whether it is an olfactory or a gustatory effect. We 

show that MDA had no effect on the oviposition of Ae. aegypti at any of the tested 

concentrations. EA and BA also had no effect at 1 ppm but inhibited oviposition at 10 and 

100 ppm. On the other hand, DEET showed a weak deterrent effect already at 100 ppm, thus 

resulting more potent than in a previous study that showed a deterrent effect for DEET at 

1000 ppm but not below [16]. However, though statistically significant, this effect was not 

large, and may be irrelevant in a field situation. 

MDA was repellent against host seeking mosquitoes but had no effect on gravid females, at 

least at the tested concentrations. One reason could be that the effect of MDA is specific for 

host seeking behavior. It has been shown that olfactory responsiveness of female mosquitoes 

towards host odor is reduced following blood feeding [133-135]. This reduced response was 

attributed to down-regulation of odorant receptor expression after a blood meal [136]. MDA 

could therefore be selectively repellent for host seeking behavior due to a sensitivity change 

through the gonotrophic cycle of the female mosquito. Another reason could be that unlike 

other repellents, MDA might not have a strong repellent smell per se but rather a smell that 

masks or neutralizes skin odor even in a turbulent environment. In this case, gravid females 

would not have a preference for egg laying on clean water over water with MDA. 

EA and DEET were the only odors that interfered both with host seeking behavior and 

oviposition. The two compounds appear to possess a general repellent effect against Ae. 
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aegypti mosquitoes. In addition, unlike odors that convey an ecologically relevant message 

(e.g. odors of known mosquito predators that deter oviposition [103]), these compounds are 

not known to have been associated with natural habitats in mosquito evolution. Therefore, the 

reason for mosquito avoidance of these compounds remains to be elucidated. 

BA had no effect on host seeking flying mosquitoes, but showed the strongest oviposition 

deterrence. Given that BA was reported as a repellent in an arm-in cage host seeking 

paradigm [6], we conclude that BA has a general repellent effect only in still air situations 

when mosquitoes are allowed to land on (or above) a treated surface, whether this surface is 

an oviposition substrate or human skin. 

In conclusion, our results together with others suggest that the compound MDA is a host 

seeking repellent. EA on the other hand is a general repellent comparable to DEET, while BA 

inhibits oviposition and acts as a limited repellent in a host-seeking context. These substances 

could be integrated in mosquito control programs, either against host seeking (MDA) or egg 

laying behavior (BA) or both (EA). Future studies, in which field or semi-field experiments 

are used, need to confirm the potential of these compounds against mosquitoes in nature. 
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Chapter 4 

 

 

Aedes aegypti antennal lobe response towards known host odors 

and the effect of 2-phenylethanol on host finding and oviposition 

site selection behaviors 
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Abstract 

Calcium imaging methods have been used to study olfactory coding in different insect 

species (e.g. honeybees, moths, and Drosophila). A morphological atlas of the mosquito 

antennal lobe was previously shown, but calcium imaging techniques have never been 

applied to reveal the functional organization of the mosquito antennal lobe. 2-phenylethanol, 

lactic acid, ammonia, and carbon dioxide are compounds that have been shown to influence 

mosquito attraction towards their hosts. However, the mosquito antennal lobe response 

towards these odors is not known. Moreover, 2-phenylethanol, which is a component of 

human skin odor that repels Anopheles gambiae mosquitoes, was not tested behaviorally with 

other mosquito species. Here, we propose a calcium imaging method to measure the activity 

of Aedes aegypti antennal lobe glomeruli in response to behaviourally significant odors. We 

show a successful staining in 34% of the mosquitoes and antennal lobe response to odor 

stimuli (2-phenylethanol, lactic acid, ammonia, and carbon dioxide) in 7 mosquitoes. We also 

show in a two choice Y-tube olfactometer, that 2-phenylethanol repel host seeking Aedes 

aegypti mosquitoes at 10
-2

 and 10
-3

 concentrations. Finally, using an oviposition cage assay, 

we show a deterrent effect of 2-phenylethanol on Aedes aegypti at 100 and 10 ppm (10
-4

 and 

10
-5

). We suggest a potential role for 2-phenylethanol in mosquito host finding and 

oviposition site selection behaviors. 

Key words: Mosquitoes, Aedes aegypti, calcium imaging, antennal lobe, repellent, skin odor, 

deterrent, oviposition. 
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Introduction 

Olfaction plays a major role in different mosquito behaviors including host finding [1] and 

oviposition site selection [1,2]. 

Insects in general detect odor molecules through olfactory receptor neurons (ORNs) housed 

in sensilla on their antennae and maxillary palps. These ORNs extend their axons to 

glomeruli in the antennal lobe, the first olfactory center in the insect brain, from which 

information about odor identity could be transferred through projection neurons (PNs) to 

higher brain areas [25,26,137]. A morphological atlas was created and a number of 50 

glomeruli were identified in the antennal lobe of Ae. aegypti female mosquitoes [138]. 

However, the functional organization of these glomeruli (i.e. how odors are coded in the 

antennal lobe) is not yet known. 

Calcium imaging techniques, in which a calcium sensitive dye is applied to specific areas of 

the insect brain, have been developed to analyze brain activity (calcium change) in response 

to odors [27]. These techniques have been used to study how odors are coded in the antennal 

lobe glomeruli of different insect species including moths, fruit flies, and honeybees [27]. 

However, it has never been used with mosquitoes. 

Calcium imaging can answer questions concerning whether there is a brain activity in 

response to an odor and how this odor is coded in the brain. However, it does not predict the 

behavioral response of an insect towards the odor. Whether the odor is perceived as repellent 

or attractant and the impact of this odor on the behavior of an insect are beyond the scope of 

calcium imaging. 

Behavioral response of mosquitoes towards different host odors has been studied extensively 

[3,122-124]. In those studies the use of olfactometers was established to test odor 

attraction/repellency to mosquitoes. On the other hand, the response to oviposition cues has 



71 
 

been studied in cage assays, in which mosquitoes were given a choice of oviposition 

substrates and the number of laid eggs indicated a deterrent or a stimulant effect [18,40,47].  

2-phenylethanol, a compound produced by human skin microbiota, reduces the attractiveness 

of human skin odor to Anopheles gambiae at 10
-3

 and 10
-4

 concentrations [4]. This compound 

is abundant in the skin emanations from people who are poorly attractive to A. gambiae 

mosquitoes [5]. However, the response of host seeking Ae. aegypti mosquitoes towards this 

compound is not yet known. Equally unknown is the oviposition response of gravid 

mosquitoes towards this odor. Given that some mosquito repellents affect both host finding 

and oviposition behaviors [16], we hypothesized that 2-phenylethanol might have an 

influence not only on Ae. aegypti host finding but also on oviposition. 

On the other hand, lactic acid, ammonia, and carbon dioxide are three known attractants for 

host seeking mosquitoes. These odors have been shown to attract non-blood fed Ae. aegypti 

mosquitoes in a Y-tube olfactometer assay [3]. Furthermore, the amount of lactic acid in skin 

odor was found to be associated with its attraction degree for Ae. aegypti mosquitoes and 

adding lactic acid to odor samples from poorly attractive individuals significantly increased 

their attraction for Ae. aegypti [139]. 

In this study, we developed a calcium imaging method to test the response of mosquitoes 

towards odors at the antennal lobe level. We then used that technique to test the antennal lobe 

response of both non-blood fed and gravid Ae. aegypti females towards ecologically 

significant odors. In addition, we used a two choice Y-tube olfactometer to test the effect of 

three concentrations of 2-phenylethanol (10
-2

, 10
-3

, and 10
-4

) on the orientation 

(attraction/repellency) of host seeking Ae. aegypti females flying towards host odor. Finally, 

we tested using cage assay, the oviposition behavior of gravid Ae. aegypti in response to 

different concentrations of 2-phenylethanol (100, 10, and 1 ppm). 
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Materials and methods 

Mosquito colony 

Ae. aegypti eggs were obtained from Biogents AG (Regensburg, Germany). After hatching, 

mosquito larvae were fed on fish food (TetraMin®, Tetra GmbH, Melle, Germany) every 

other day. Emerging adults were reared in plastic boxes (46 x 37 x 23 cm) and had access to 

Cotton pads soaked with sugar solution (10%, w/vol). To maintain the colony, mosquito 

females were blood fed on pigeons for egg laying. Mosquitoes were raised in a climate 

chamber maintained at a 25-28 °C temperature, 60-70 % relative humidity and L12:D12 

photoperiod. The climate chamber was in complete darkness during the dark cycle (between 

7 pm and 7 am). Animal use followed European and German legal regulations. 

Calcium imaging 

Preparation of mosquitoes 

We prepared a total of 146 non-blood fed 1-2 week old Ae. aegypti females and 6 blood fed 

16-18 day old Ae. aegypti females (gravid, 3-4 day post blood feeding). Mosquitoes were 

immobilized on ice for 10 minutes and then fixed to a custom made Plexiglas mounting block 

by the head and neck using a copper grid (Athene grids, Boscawen, NH, USA, slot 125 m) 

with thorax and abdomen hanging, like that in flies [140] (Fig. 13A). Antennae were placed 

forward using fine wire (Electrisola, Eckenhagen, Germany, diameter: 20µm, Fig. 13B). The 

tip of a minute pin (1 mm) was curved to 90º and fixed at the edge of the small opening of a 

thin polyethylene foil supported by a plastic cover slip so that the tip of the pin stays 

downward. The cover slip was sealed to the head in a way so that the tip of the minute pin 

penetrates the head cuticle between the bases of the antennae to 1-2 mm deep. Then a two 

component silicon mixture (KwikSil; World Precision Instruments, Sarasota, FL, USA) was 

applied over the hole of polyethylene foil so that it seals the gap between the cover slip and 

the head cuticle. To load the dye, we placed a drop of Ringer’s saline (130 mM NaCl, 5 mM 
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KCl, 2.6 mM CaCl2. 4 mM MgCl2, 36 mM Sucrose, and 5 mM HEPES, pH 7.3) on top of the 

head, then a window was cut in the head cuticle using a double edged 1 mm sapphire blade 

(World Precision Instruments, Sarasota, FL, USA). 

 

Fig. 13. Fixing mosquito head and antennae. A) Schematic drawing of the Plexiglas mounting 

block with mosquito head fixed using a copper grid. B) A snapshot of the mosquito head shows the 

antennae (black arrows) placed forward using a fine wire. C) A snapshot of the stained antennal lobe. 

 

Two methods were used to load the dye. For bulk loading (used with a total of 40 

mosquitoes, all non-blood fed), Oregon Green 488 BAPTA-1, AM (Invitrogen, Carlsbad, 

CA, USA) was used. The dye was prepared as follows: a mixture was prepared of 50µg dye + 

10µl pluronic acid + 600 µl saline. Then, 100 µl of this mixture was added to 900 µl of saline 

to get the final volume of the dye. Using a micro syringe, 100 µl of this dye was loaded into a 

glass capillary with tip diameter of 5 µm. A pressure control pump (PV820 Pneumatic 

Picopump, World Precision Instruments, Sarasota, FL, USA) was then used to inject the dye 

into the vertical lobe of the mushroom bodies 6-7 times at a pressure of 70-80 kilopascal into 

both hemisphere of the brain. The dye was diffused into the antennal lobes in 1 hour 

incubation period at 12-15 °C. 

For the rest of the mosquitoes (112 mosquitoes including the 6 gravid females), projection 

neuron (PN) staining with Fura-2 dextran dye (Invitrogen, Carlsbad, CA, USA) was used. A 

1 mm glass capillary was pulled to a tip diameter of 1-3 µm and the tip was then coated with 

http://en.wikipedia.org/wiki/Carlsbad,_California
http://en.wikipedia.org/wiki/Carlsbad,_California
http://www.unitconversion.org/pressure/kilopascal-conversion.html
http://en.wikipedia.org/wiki/Carlsbad,_California
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Fura-2 dextran dye dissolved in distilled water in a way so that the dye coated tip does not 

exceed a diameter of 10-20 µm. PN axon terminals were anterogradely stained with Fura-2 

dextran via ACT by injecting into the protocerebrum, aiming at the MB calyces. After dye 

injection, a drop of Ringer’s saline was placed on top of the exposed brain and the animal 

was then kept in a wet box at 17–20 °C for 3-4 h to allow the transport of the dye to the 

dendrites of the PNs at the antennal lobe.  

After the incubation period, the downwardly inserted minute pin supporting cover slip was 

pushed 1 mm forward to visualize the antennal lobe (Fig. 13C) properly. Glands and airbags 

were removed, and saline was exchanged 2-3 times. To reduce movement, legs and abdomen 

were fixed to the stage with n-eicosane (Sigma, Deisenhofen, Germany). In that stage 

mosquitoes were ready for imaging. The experimental room temperature ranged between 19-

22 °C. 

Chemicals 

We tested the response towards 2-phenylethanol (Aldrich, St. Louis, USA, ≥99%), lactic acid 

(±) (Acros Organics, New Jersey, USA. 90% purity), ammonia (Sigma Aldrich, St. Louis, 

USA, 28% NH3 in H2O, ≥99.99% trace metals basis), Carbon dioxide (taken from a gas 

cylinder, Sauerstoffwerk, Friedrichshafen, 99.95% or 10% in nitrogen), 2,3-butanedione 

(Aldrich, St. Louis, USA, 97%), 2-butanone (Aldrich, St. Louis, USA, ≥99.5%), geraniol 

(Aldrich, St. Louis, USA, 98%), m-cresol (Sigma Aldrich, St. Louis, USA. 99% purity), and 

phenol (Sigma Aldrich, St. Louis, USA. ≥99.5% purity). 

For non-blood fed females, 2-phenylethanol, lactic acid, ammonia, Carbon dioxide, 2,3-

butanedione, 2-butanone, and geraniol were used for stimulating the mosquitoes. With the 

exception of 2,3 butanedione, 2 butanone, and carbon dioxide, all odors were used at a 

dilution of 10
-3

 in mineral oil (Sigma-Aldrich, St. Louis, USA) and dilutions were prepared 

every 3–4 weeks; 2,3 butanedione and 2 butanone were used at 10
-2 

and were prepared each 
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week. Pure odors were diluted in 5 ml of mineral oil to reach the desired concentrations. All 

odors were prepared in 20 ml headspace glass vials sealed with golden ring caps with a 

silicon blue transparent septum (Schmidlin, Neuheim, Switzeland). Carbon dioxide taken 

from a gas cylinder was prepared depending on the experiment, at different concentrations 

(0.63%, 1%, 2%, 3%, 4%, 5% and 10%) by diluting carbon dioxide in nitrogen 

(Sauerstoffwerk, Friedrichshafen, 99.99%). Control measurements were done using mineral 

oil. 

Gravid females were stimulated with 2-phenylethanol, ammonia, lactic acid, m-cresol, and 

phenol, all diluted to 10
-2 

concentration in distilled water. In addition, water of conspecific 

immature stages was used; egg water (1000-1500 eggs in distilled water), larval water (water 

that previously contained larvae at different larval stages), larval water with larvae, and larval 

water with pupae were used to stimulate the gravid females. 

The number of stimulations for each odor and the sequence of odors differed across 

experiments. Therefore we report only those that elicited a response. 

Imaging 

The antennal lobe was imaged through a water immersion objective (40×, numerical aperture 

1.0; Zeiss). The imaging system consisted of a fluorescence microscope (BX-50WI; 

Olympus), a light source (Polychrome V, Till Photonics), and a CCD camera (PCO, 

Sensicam). Images were binned on-chip, resulting in a resolution of 160 × 140 pixels. 

For bulk staining the exposure time was varied between 150 and 210 ms and for PN staining 

it was between 20 and 60 ms (total time for 340 and 380 together, exposure to 340 was 

generally three times longer than to 380) to adjust for different basal fluorescence values of 

the preparations. For bulk staining the excitation and emission light were separated with a 

495 nm dichroic mirror and a 505 nm emission filter whereas for PN staining those were 410 

nm and 440 nm. Movies were recorded with an acquisition rate of 4 Hz for 20 seconds (80 
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frames). Odors were presented two times for 1 s each, starting 6 s after the beginning of each 

measurement with a gap of 2 s. Inter stimulus interval was 2 min. 

Odor application 

A constant air stream (60ml/min) generated with a vibrating armature air compressor (OF 

1202-40M, Jun-air, Germany) and cleaned by filters (Donaldson Ultra filter, Germany) was 

directed to the mosquito antennae at a distance of approx. 1 cm through a Teflon tube (2 mm 

inner diameter). Odors were applied with a computer-controlled auto sampler originally 

designed for gas chromatography (CombiPAL, CTC Analytics) which injected 2 times 1 ml 

(1 ml/s) of odor-loaded headspace from the 20 ml vials into the Teflon tube 39.5 cm away 

from the tube exit. During odor application the constant air stream was interrupted to reduce 

mechanical artifacts due to increased air flow. 

Orientation experiment 

A modified Y-tube olfactometer [3] was used to test the effect of 2-phenylethanol on host 

seeking Ae. aegypti mosquitoes. The olfactometer (Fig. 9) was made of Plexiglas and 

consisted of a long “stem” tube (500 mm) with one end to attach a release chamber (169 mm 

length) and a decision chamber at the other end. The decision chamber was a box (230 × 169 

× 100 mm) that branches into two short tubes (160 mm), each ending in a trapping chamber 

(169 mm) and a test/control chamber (162 mm) that delivered the test odorants. 

Compressed air was charcoal filtered (Ultrafilter AK 03/05. Hilden, Germany) and 

humidified in deionized water before it was introduced into the two test branches of the 

olfactometer. The incoming air temperature was kept at 23±1 ºC, relative humidity at 60±5 % 

and air speed at 0.6±0.05 m/s, measured at the center of the stem tube. 

A filter paper (VWR, Leuven, Belgium. 90 mm diameter) was folded, set in a glass dish (18 

mm diameter and 24 mm depth) and soaked with 500 µl of 2-phenylethanol diluted to 10
-2

, 

10
-3

, or 10
-4

 in acetone (Merck, Darmstadt, Germany. ≥99.9% purity). 500 µl acetone was 
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similarly applied on a filter paper and used as a control. The filter papers were left for 5 min 

in a laminar flow hood to allow the acetone to evaporate before they were introduced into the 

test/control chamber. The experimenter provided two fingers through an opening in each 

chamber behind the glass dish to lure the mosquitoes upwind. The use of cosmetics was 

avoided at the day of the experiment and the two hands were constantly rubbed together for 1 

min before each trial to achieve homogeneity. Each concentration of 2-phenylethanol was 

tested with 5 groups of mosquitoes (trials) and each group (20 mosquitoes) was tested only 

once while alternating the test compound between the right and left chamber to insure no side 

bias affects mosquito orientation. In addition, four olfactometers were alternated between 

trials to reduce contamination. Non-blood fed Ae. aegypti females, 5-10 days old, were 

placed in the release chamber and left for 30 seconds for acclimatization before opening a 

rotating door. With the door open, a number of mosquitoes could fly upwind in response to 

the skin odor and enter the decision chamber. At this point they had the choice to fly towards 

the test or the control chamber. After 2 min, the number of mosquitoes trapped in each of the 

two chambers was counted. 

Oviposition experiment 

Oviposition response of Ae. aegypti towards three concentrations (100, 10, and 1 ppm) of 2-

phenylethanol was tested using a standard cage assay [40,49]. For each concentration, 5 white 

plastic mosquito cages (30 x 30 x 30 cm) with three mesh sides were used. Each cage was 

provided 20 gravid females (1-2 weeks old, four days post blood feeding) and two 

oviposition cups. In all experiments, test Cups were positioned pseudorandomly to one corner 

and control cups were placed diagonally in the opposite corner of the cage. 

Oviposition cups were glass crystallizing dishes (VWR, Darmstadt, Germany. 50 mm 

diameter and 40 ml volume) filled with 30 ml of either the test or the control solution. We 

prepared stock solutions of 2-phenylethanol in acetone and added 1 ml of each solution to 30 
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ml of water to reach the indicated final concentration in test cups while 1 ml of acetone was 

added similarly to water in control cups. After adding the compounds or the pure acetone, we 

allowed the acetone to evaporate for 30 min before placing the cups in the cages. 

Experiments started at 3-4 pm and stopped at 10 am the next morning. The total number of 

eggs in each cup was manually counted and the cups were then rinsed with tap water 

followed by acetone and reused in subsequent experiments. 

Analysis 

Calcium imaging data 

The data analysis framework KNIME [141] with the plugin ImageBee [142] were used to 

extract glomerular signals from calcium imaging movies. First, movies were read using the 

VWSReader function. In this step, ratios between image pairs excited at 340 and 380 nm 

wavelengths were calculated. Then, a cross line correlation approach was used to correct for 

movements between submovies (between measurements). For this movement correction, the 

maximum shift between two submovies was set to 20. Afterwards, two parallel pipelines 

were used to compute glomerular maps and time series. Glomerular maps were computed 

through three main stages (preprocessing, convex cone, and postprocessing). First, the data 

were preprocessed in three steps: 1) A Z-score was used to normalize each movie separately 

(local) by subtracting the mean from each pixel timeseries and divide it by the standard 

deviation. 2) Then, a principal component analysis (PCA) was computed by arranging 

principal components according to their eigenvalues (from highest to lowest) and discard 

those with lower eigenvalues (noise) preserving only the principal component (glomerular 

signals). 3) To reduce noise, images were smoothed using a Gaussian kernel ( width=9). 

Afterwards, a convex cone was fitted to detect pure glomerulus signals and was configured to 

deterministically give a fixed number of glomeruli (20) in the glomerular map. 
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The final stage was a postprocessing stage to remove the residual noise. This step is a built-in 

function in the convex cone node and result in a colored glomerular map in which a color is 

assigned to pixels with similar signals (a glomerulus) while white spaces are assigned to 

pixels that did not produce any mean signal. 

To compute time series (response values across time from pixels with similar signals, 

glomeruli), movies (after movement correction) were treated with the FoldChange function to 

normalise the data for each pixel by subtracting the mean of an interval before the stimulus 

(20 frames, 5 s) from the values of the pixel throughout the measurement (S = R - R0). 

Therefore, responses (S) in the resulted time series were corrected for the “before-stimulus” 

(baseline) activity. These time series were then exported to R [120] for data visualization. 

Orientation experiment data 

The Preference Index (PI) was used to indicate the response of mosquitoes to 2-

phenylethanol in orientation experiments. The Preference Index is calculated as follows: 

chamber controlin  mosquitoes ofNumber  chamber in test  mosquitoes ofNumber 

chamber controlin  mosquitoes ofNumber  -chamber in test  mosquitoes ofNumber 
 PI




 

This gives values from −1 to +1, with 0 indicating neutral response, negative values 

indicating repellency while positive values indicate attraction. 

The Preference Index was calculated for each replicate and arcsine transformed. The 

transformed data was then used to test the hypothesis that the mean PI is different from a 

50:50 distribution (PI=0) using student t-test. All analyses were done in R [120]. 

Oviposition experiment data 

Egg numbers were high and resulted normally distributed. We used a paired t-test to compare 

the number of eggs between test and control cups. 

For visualization, oviposition data were plotted as Oviposition Activity Index (OAI): 
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cup controlin  eggs ofNumber   cupin test  eggs ofNumber 

cup controlin  eggs ofNumber  - cupin test  eggs ofNumber 
 OAI


  

This also gives values from −1 to +1, with 0 indicating neutral response, negative values 

deterrence and positive values a stimulant effect. 
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Results 

Calcium imaging experiment 

We obtained maps with glomeruli like areas (areas that showed activity) from 51 animals 

(34% of all animals, Fig. 14). However, only 7 animals (6 non-blood fed and 1 gravid, all 

stained with Fura-2) showed activity in response to an odor. Here we only report data from 

the animals that showed an odor response. 
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Fig. 14. Glomerular maps of 51 mosquitoes. Colors indicate areas that showed activity and white 

space indicates areas with no activity across stimulation. 

 

Animal 1 

Stimulation sequence was as follows: Mineral oil, 2-phenylethanol, geraniol, carbon dioxide 

(4%), carbon dioxide (4%) + geraniol, mineral oil, ammonia, carbon dioxide (4%), carbon 

dioxide (4%) + ammonia, mineral oil, lactic acid, carbon dioxide (4%), carbon dioxide (4%) 

+ lactic acid, 2-phenylethanol, mineral oil. 

Only 2-phenylethanol elicited a response with this animal. Glomerulus 13 (a glomerulus 

given the arbitrary number 13 in the map, Fig. 15B) responded to the two pulses of 2-

phenylethanol with the second pulse eliciting a weaker response than the first pulse (Fig. 

15C). Other glomeruli did not respond to 2-phenylethanol or any of the other odors (Fig. 

15D). 

 



84 
 

Fig. 15. Antennal lobe response of a non-blood fed Ae. aegypti female to 2-phenylethanol (PEA) 

compared with the response to lactic acid (LA) and mineral oil (MO). A) Snapshot of the antennal 

lobe taken from the calcium imaging movie, dotted line indicates the borders of the antennal lobe. B) 

Glomerular map with colors indicating areas that showed activity and white space indicating areas 

with no activity across stimulation, dotted line taken from A. C) Response of glomerulus 13 to two 

stimulations with 2-phenylethanol (n=2) compared to the response to lactic acid (n=1) and mineral oil 

(n=4). D) Glomerulus 1 shows no response to 2-phenylethanol (n=2), lactic acid (n=1), or mineral oil 

(n=4). In C and D gray bars indicate odor stimulus, vertical calibration bar: 0.025 response units (S = 

R - R0, see methods), traces show means (solid line) and standard errors (shading). 

 

Animal 2 

Stimulation sequence was the same as the previous animal. This animal also responded to 2-

phenylethanol only. Here, one glomerulus (given the number 5 in the map, Fig. 16B) 

responded to both pulses of 2-phenylethanol with a weaker response for the second pulse 

(Fig. 16C). This glomerulus was located in a similar position to the glomerulus given number 

13 in animal 1. Other glomeruli did not respond to 2-phenylethanol or any of the other odors 

(Fig. 16D). 
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Fig. 16. Antennal lobe response of a non-blood fed Ae. aegypti female to 2-phenylethanol (PEA) 

compared with the response to lactic acid (LA) and mineral oil (MO). A) Snapshot of the antennal 

lobe taken from the calcium imaging movie, dotted line indicates the borders of the antennal lobe. B) 

Glomerular map with colors indicating areas that showed activity and white space indicating areas 

with no activity across stimulation, dotted line taken from A. C) Response of glomerulus 5 to two 

stimulations with 2-phenylethanol (n=2) compared to the response to lactic acid (n=1) and mineral oil 

(n=4). D) Glomerulus 4 shows no response to 2-phenylethanol (n=2), lactic acid (n=1), or mineral oil 

(n=4). In C and D gray bars indicate odor stimulus, vertical calibration bar: 0.02 response units (S = R 

- R0, see methods), traces show means (solid line) and standard errors (shading). 

 

Animal 3 

Stimulation sequence was as follows: Mineral oil, 2-phenylethanol, 2-butanone, carbon 

dioxide (4%), carbon dioxide (4%) + 2-butanone, mineral oil, 2-phenylethanol, carbon 

dioxide (4%), 2,3-butanedione, carbon dioxide (4%), carbon dioxide (4%) + 2,3-butanedione, 

mineral oil, 2-phenylethanol, 2-butanone, carbon dioxide (4%), carbon dioxide (4%) + 2-

butanone, mineral oil, 2-phenylethanol.  

In this animal, a glomerulus given number 1 (Fig. 17B) responded also to 2-phenylethanol 

only. However, the response was for the first pulse only while the second pulse elicited a 

weaker response (Fig. 17C). Here also, this glomerulus was located in a similar position like 

the two responding glomeruli in animal 1 and 2. Other glomeruli did not respond to 2-

phenylethanol or any of the other odors (Fig. 17D). 
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Fig. 17. Antennal lobe response of a non-blood fed Ae. aegypti female to 2-phenylethanol (PEA) 

compared with the response to carbon dioxide (CO2) and mineral oil (MO). A) Snapshot of the 

antennal lobe taken from the calcium imaging movie, dotted line indicates the borders of the antennal 

lobe. B) Glomerular map with colors indicating areas that showed activity and white space indicating 

areas with no activity across stimulation, dotted line taken from A. C) Response of glomerulus 1 to 

four stimulations with 2-phenylethanol (n=4) compared to the response to carbon dioxide (n=4) and 

mineral oil (n=4). D) Glomerulus 15 shows no response to 2-phenylethanol (n=4), carbon dioxide 

(n=4), or mineral oil (n=4). In C and D gray bars indicate odor stimulus, vertical calibration bar: 0.025 

response units (S = R - R0, see methods), traces show means (solid line) and standard errors (shading). 

 

Animal 4 

Stimulation sequence was as follows: Mineral oil, 3 stimulations of lactic acid, carbon 

dioxide (4%), lactic acid, carbon dioxide (4%) + lactic acid, 2 stimulations of lactic acid, 

mineral oil, 5 stimulations with lactic acid.  
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In this animal, only one glomerulus (given number 3, Fig. 18B) responded to carbon dioxide. 

We could see a response only at the second pulse of carbon dioxide (Fig. 18C). There was a 

later signal but this could be an artifact that resembles the signal in the mineral oil stimulation 

(Fig. 18C). However, there was no response when carbon dioxide was given with lactic acid 

(Fig. 18C). Other glomeruli did not respond to carbon dioxide or any of the other odors (Fig. 

18D). 

 

Fig. 18. Antennal lobe response of a non-blood fed Ae. aegypti female to carbon dioxide (CO2) 

compared with the response to lactic acid (LA), lactic acid + carbon dioxide (LA+CO2), and 

mineral oil (MO). A) Snapshot of the antennal lobe taken from the calcium imaging movie, dotted 

line indicates the borders of the antennal lobe. B) Glomerular map with colors indicating areas that 

showed activity and white space indicating areas with no activity across stimulation, dotted line taken 

from A. C) Response of glomerulus 3 to one stimulation with carbon dioxide (n=1) compared to the 

response to lactic acid (n=11), lactic acid with carbon dioxide (n=1), and mineral oil (n=2). D) 
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Glomerulus 8 shows no response to carbon dioxide (n=1), lactic acid (n=11), lactic acid with carbon 

dioxide (n=1), or mineral oil (n=2). In C and D gray bars indicate odor stimulus, vertical calibration 

bar: 0.025 response units (S = R - R0, see methods), traces show means (solid line) and standard errors 

(shading). 

 

Animal 5 

Stimulation sequence was as follows: Mineral oil, 2 stimulations of lactic acid, carbon 

dioxide (4%), 2 stimulations of lactic acid, mineral oil, lactic acid, mineral oil, lactic acid, 

mineral oil, 2 stimulations of lactic acid.  

Here, a glomerulus given number 1 (Fig. 19B) responded to lactic acid at both pulses but the 

response to the second pulse was slightly stronger than the first pulse (Fig. 19C). The 

response was consistent in 8 stimulations with lactic acid; therefore single traces of all 

stimulations were plotted (Fig. 19E and F). No other glomeruli responded to lactic acid or 

any of the other odors (Fig. 19D). 
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Fig. 19. Antennal lobe response of a non-blood fed Ae. aegypti female to lactic acid (LA) 

compared with the response to carbon dioxide (CO2) and mineral oil (MO). A) Snapshot of the 

antennal lobe taken from the calcium imaging movie, dotted line indicates the borders of the antennal 

lobe. B) Glomerular map with colors indicating areas that showed activity and white space indicating 

areas with no activity across stimulation, dotted line taken from A. C) Response of glomerulus 1 to 

eight stimulations with lactic acid (n=8) compared to the response to carbon dioxide (n=1) and 

mineral oil (n=4). D) Glomerulus 16 shows no response to lactic acid (n=8), carbon dioxide (n=1), or 

mineral oil (n=4). E and F) Response of glomerulus 1 to lactic acid as in C but in 8 single traces. In C-
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F gray bars indicate odor stimulus, vertical calibration bar: 0.02 response units (S = R - R0, see 

methods), traces show means (solid line) and standard errors (shading) except in E and F (traces show 

single measurements). 

 

Animal 6 

Stimulation sequence was the same as animal 1. Here the position in which 2-phenylethanol 

elicited activity in animal 1, 2, and 3 was empty (white space, no activity) in the glomerular 

map (Fig. 20B). A glomerulus given number 5 (Fig. 20B) responded to the two pulses of 

ammonia (Fig. 20C). In addition, ammonia given with carbon dioxide elicited a similar but 

slightly weaker response in glomerulus number 5 while carbon dioxide alone did not elicit 

any response (Fig. 20C). There was also a weaker response to ammonia, carbon dioxide and 

ammonia + carbon dioxide in glomerulus number 2 (Fig. 20D). 
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Fig. 20. Antennal lobe response of a non-blood fed Ae. aegypti female to ammonia (AM) 

compared with the response to carbon dioxide (CO2), ammonia + carbon dioxide (AM+CO2), 

and mineral oil (MO). A) Snapshot of the antennal lobe taken from the calcium imaging movie, 

dotted line indicates the borders of the antennal lobe. B) Glomerular map with colors indicating areas 

that showed activity and white space indicating areas with no activity across stimulation, the small 

dotted circle with an asterisk refers to the position in which 2-phenylethanol elicited a response in 

other animals, outer dotted line indicates antennal lobe borders (taken from A). C) Response of 

glomerulus 5 to one stimulation with ammonia (n=1) compared to the response to carbon dioxide 

(n=3), ammonia + carbon dioxide (n=1), and mineral oil (n=4). D) Response of glomerulus 2 to 

ammonia (n=1) compared to the response to carbon dioxide (n=3), ammonia + carbon dioxide (n=1), 

and mineral oil (n=4). In C and D gray bars indicate odor stimulus, vertical calibration bar: 0.05 

response units (S = R - R0, see methods), traces show means (solid line) and standard errors (shading). 

 

Animal 7 (gravid female) 

Stimulation sequence was as follows: Water, 2-phenylethanol, phenol, m-cresol, lactic acid, 

ammonia, water, 2-phenylethanol, egg water (1000-1500 eggs), larval water from 1
st
 and 2

nd
 

instar larvae (LW1), LW1 + larvae (20-30), larval water from 3
rd

 and 4
th

 instar larvae (LW2), 

LW2 + larvae (15), LW2 + pupae (15), water, 2-phenylethanol. 

Only 2-phenylethanol elicited a response with this animal. A glomerulus given number 4 

(Fig. 21B) responded to both pulses of 2-phenylethanol (Fig. 21C). Other glomeruli did not 

respond to 2-phenylethanol or the other odors (Fig. 21D). 
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Fig. 21. Antennal lobe response of a gravid Ae. aegypti female to 2-phenylethanol (PEA) 

compared with the response to lactic acid (LA) and water (H2O). A) Snapshot of the antennal lobe 

taken from the calcium imaging movie, dotted line indicates the borders of the antennal lobe. B) 

Glomerular map with colors indicating areas that showed activity and white space indicating areas 

with no activity across stimulation, dotted line taken from A. C) Response of glomerulus 4 to three 

stimulations with 2-phenylethanol (n=3) compared to the response to lactic acid (n=1) and water 

(n=3). D) Glomerulus 13 shows no response to 2-phenylethanol (n=3), lactic acid (n=1), or water 

(n=3). In C and D gray bars indicate odor stimulus, vertical calibration bar: 0.05 response units (S = R 

- R0, see methods), traces show means (solid line) and standard errors (shading). 

 

Orientation experiment 

We tested the effect of three concentrations of 2-phenylethanol (10
-2

, 10
-3

, and 10
-4

)
 
on the 

orientation of host seeking Ae. aegypti females towards host odor in the Y-tube olfactometer. 

Mosquitoes significantly avoided 2-phenylethanol at 10
-2

 and 10
-3 

concentrations; the 

preference indices (PIs) for the two concentrations were significantly lower than that of a 
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50:50 choice (p<0.001, and p= 0.015, respectively, student t-test, n=5, Fig. 22). On the other 

hand, 10
-4

 concentration had no significant effect (p=0.552, student t-test, n=5, Fig. 22). 

 

Fig. 22. Preference Index (PI) of 2-

phenylethanol at three different 

concentrations. Non-blood fed Ae. aegypti 

females were repelled by 2-phenylethanol at 

10
-2

 and 10
-3

 (p<0.001, and p=0.015, 

respectively, student t-test, n=5) while 10
-4

 

had no effect on mosquito orientation 

(p=0.552, student t-test, n=5). Number of 

asterisks indicates the level of significance; 

p<0.05 (*), and p<0.001 (***). 

 

 

 

 

 

Oviposition experiment 

We tested the effect of 100, 10, and 1 ppm 2-phenylethanol on Ae. aegypti oviposition. At 

100 ppm, 2-phenylethanol was a strong deterrent; female mosquitoes laid significantly lower 

number of eggs on 100 ppm 2-phenylethanol than water (p<0.001, paired t-test, n=5, Fig. 23). 

10 ppm showed a weak deterrent effect on egg laying (p=0.015, paired t-test, n=5, Fig. 23). 

On other hand, 1 ppm 2-phenylethanol was not significantly deterrent (p=0.215, paired t-test, 

n=5, Fig. 23). 



94 
 

 

Fig. 23. Oviposition activity Index (PI) of 2-

phenylethanol at three different 

concentrations. Gravid Ae. aegypti females 

laid significantly less number of eggs on 100 

and 10 ppm 2-phenylethanol than water 

(p<0.001 and p=0.015, respectively, paired t-

test, n=5). The number of eggs laid on 1 ppm 

2-phenylethanol was not significantly 

different from water (p=0.215, paired t-test, 

n=5). Number of asterisks indicates the level 

of significance; p<0.05 (*), and p<0.001 

(***). 
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Discussion 

In calcium imaging experiments, glomerular maps from 51 animals (of 152) showed 

glomeruli like areas. Our method of producing these maps is based on glomerular activity; 

colored areas assigned to glomeruli are areas that showed activity while white spaces are 

areas that did not show any activity during all measurements. This suggests that our staining 

technique works to some degree and that some glomeruli show a change in calcium levels 

(activity) during the course of the experiment. However, this activity is not necessarily a 

response to odor stimuli. In acquiring activity traces (time series), we subtracted the baseline 

activity (activity of an interval before stimulus) from the activity across measurement. This 

approach omitted background activity and yielded only activity that is above the baseline for 

each glomerulus. However, the number of animals that showed activity above the baseline in 

response to an odor stimulus (following the odor application) was very low, only 7 animals 

showed such activity. 

Odors that elicited a response in at least one animal are 2-phenylethanol, lactic acid, 

ammonia, and carbon dioxide. These odors have been previously shown to influence 

mosquito attraction towards their hosts [3-5,139]. Other odors that also affect host finding or 

oviposition site finding behavior did not elicit any response. This could be due to poor 

staining of the glomeruli responsible for detecting these odors. 

Lactic acid elicited consistent responses from one glomerulus in 8 measurements with animal 

5 (Fig. 19). However, this response was not obtained from other animals. 2-phenylethanol on 

the other hand elicited a response in 4 animals of 5 that were stimulated with 2-phenylethanol 

(it was not used with 2 of the responding animals). In addition, one of these animals was a 

gravid female. This suggests that 2-phenylethanol could be one of the strongest compounds 

that affect mosquito physiology and could have an effect on host finding and oviposition 

behavior. Interestingly, glomeruli that responded to 2-phenylethanol in different animals 



96 
 

(glomeruli 13, 5, 1, and 4 in animal 1, 2, 3, and 7, respectively) are located in approximately 

the same position within the glomerular maps (there was no glomeruli in that position in 

animal 6, could be due to poor staining of that area, Fig. 20B) . This suggests that they could 

be the same glomerulus and that it is a 2-phenylethanol activated glomerulus. Calcium 

imaging has never been used with the mosquito antennal lobe. This makes it difficult to 

compare glomeruli across animals in our study due to the lack of reference points (e.g. a 

glomerulus that typically responds to one odor). Therefore, although the location of the 2-

phenylethanol activated glomeruli looks similar, we cannot confirm yet that they are the same 

glomerulus. 

2-phenylethanol, unlike other odors that elicited a response in this study, has never been 

tested behaviorally with Ae. aegypti mosquitoes. Here we show that Ae. aegypti non-blood 

fed females avoided flying into the olfactometer branch that contained 10
-2

 or 10
-3

 of 2-

phenylethanol. This means that this component of skin odor is repellent for host seeking Ae. 

aegypti mosquitoes and suggests a role in determining Ae. aegypti degree of attraction 

towards some individuals. In addition, we tested the oviposition response of 2-phenylethanol. 

The concentrations we tested for oviposition effect, 100, 10 and 1 ppm (equal 10
-4

, 10
-5

, and 

10
-6

, respectively), were lower than those tested in the orientation experiment (10
-2

, 10
-3

, and 

10
-4

) because in the oviposition experiment the mosquitoes land and touch the water and 

therefore we assumed that we need lower concentrations of 2-phenylethanol to elicit an 

oviposition response. 2-phenylethanol already deterred oviposition of Ae. aegypti at 100 and 

10 ppm. This confirms the effect of 2-phenylethanol on oviposition suggested by calcium 

imaging and suggests a general repellent effect of 2-phenylethanol that does not change 

across the mosquito gonotrophic cycle. 

We provide for the first time a calcium imaging protocol to record activity of the mosquito 

antennal lobe. This protocol was partially successful in staining 34% of the animals and 
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recording response from 7 animals. Therefore, more work is needed in order to make staining 

more successful and odor response consistent. In addition, defining glomeruli that typically 

respond to specific odors and serve as reference points would help making a comparison 

across animals possible. Using behavioral assays, we show that 2-phenylethanol has a role in 

Ae. aegypti host finding and oviposition site selection behaviors. Future studies are needed to 

confirm the potential use of 2-phenylethanol in mosquito control programs. 
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Chapter 5 

 

 

Oviposition response plasticity of Aedes aegypti towards the larval 

pheromone n-heneicosane 
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Abstract 

Mosquitoes have an innate oviposition preference towards some odors including the 

oviposition pheromone n-heneicosane. In addition, the effect of experience at the larval, 

pupal and early adult stages on innate oviposition preference was previously shown with 

known deterrents. It is not known however whether experience could also affect innate 

preference towards different concentrations of n-heneicosane. In this study, we tested the 

innate oviposition preference of Aedes aegypti gravid females towards water, 1, 10, and 100 

ppm n-heneicosane. We then raised Aedes aegypti larvae in water that contained 1, 10, or 100 

ppm n-heneicosane and tested the oviposition response of these mosquitoes as gravid females 

towards water, 1, 10, and 100 ppm n-heneicosane. We confirm Aedes aegypti innate 

oviposition preference towards 10 ppm n-heneicosane. This preference was not affected by 

raising larvae at 1 ppm n-heneicosane. However, when larvae were raised at 10 ppm n-

heneicosane, mosquitoes laid a number of eggs on 100 ppm that was not significantly 

different from those laid on 1 or 10 ppm n-heneicosane. On the other hand, when larvae were 

raised at 100 ppm n-heneicosane, the gravid females preferred laying eggs on 100 ppm over 1 

and 10 ppm n-heneicosane. This suggests that Aedes aegypti preference towards 10 ppm n-

heneicosane could be altered by early experience. The implication of this finding on mosquito 

oviposition decision in nature is discussed. 

Key words: Aedes aegypti, n-heneicosane, oviposition, pheromone, learning. 
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Introduction 

Mosquitoes depend on olfactory cues (in addition to visual and tactile cues) in selecting 

substrates for oviposition [2]. The presence of mosquito immature stages (eggs, larvae and 

pupae) in water can indicate the suitability of this water to oviposition. Several studies have 

shown the effect of odor cues emitted by mosquito eggs [53,78,85-88] and pupae [75,76] in 

attracting/stimulating egg laying of conspecifics. Cues from larvae also encourage egg laying; 

Aedes aegypti mosquitoes prefers to lay eggs on conspecific larval water than clean water 

[75]. Using gas chromatography coupled with mass spectrometry (GC/MS), an oviposition 

pheromone (n-heneicosane) was identified from Ae. aegypti larval water [11] suggesting that 

this pheromone is used by gravid females to identify water that has been previously chosen 

by conspecifics. However, a high number of conspecifics could indicate the water not 

suitable for the offspring. Intraspecific competition negatively affects larval growth, pupation 

[79] and adult longevity [80]. Therefore, gravid females are deterred by high densities of 

conspecifics and prefer only water with moderate numbers of conspecific larvae [14]. 

Similarly, the oviposition response of Ae. aegypti towards n-heneicosane is concentration 

dependent, with 10 ppm concentration of the pheromone eliciting the strongest stimulant 

effect while higher concentrations deter oviposition [31]. These findings suggest that Ae. 

aegypti gravid females has an optimum concentration of n-heneicosane, and this 

concentration could be equivalent to the concentration released by a moderate number of 

conspecific larvae. 

n-heneicosane does not work as an oviposition stimulant for every mosquito species. n-

heneicosane which is also emitted by the hemipteran predator Notonecta maculata, works as 

an oviposition deterrent for its prey mosquito species Culiseta longiareolata [103]. The fact 

that Ae. aegypti larvae exploit completely different habitats than those of C. longiareolata 
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and N. maculata suggests that the response to n-heneicosane had been evolutionary shaped 

through many generations by the diverse experience of different mosquito species. 

This kind of evolutionary adaptation results in the mosquito innate preference to lay eggs in 

water with certain odors. However, oviposition response towards cues from oviposition 

substrates is not always innate but is sometimes altered by experience at the larval stage; 

Culex quinquefasciatus larvae reared in water containing an innately deterrent concentration 

of Skatole subsequently preferred to lay eggs on water containing the same concentration of 

Skatole more than the normally attractive p-cresol [29]. This suggests a learning process at 

the larval/pupal or early adult stages for Skatole. Ae. aegypti itself was less deterred by the 

repellent Mozaway
TM 

when raised as larvae in water that contained the same concentration of 

the repellent [30]. As a pheromone, n-heneicosane is innately preferred by Ae. aegypti for 

oviposition. It is not known however whether Ae. aegypti preference for a specific 

concentration of n-heneicosane is innate (shaped only by evolutionary adaptation) or plastic 

(could be altered by experience within the life of individual mosquitoes). 

Therefore, we tested in concentration choice tests (concentrations tested against each other in 

the same cage), the oviposition response of naïve Ae. aegypti mosquitoes towards water, 1, 

10, and 100 ppm n-heneicosane to confirm their innate preference for 10 ppm n-heneicosane. 

Afterwards, we asked whether larval experience could affect preference towards n-

heneicosane by raising (conditioning) Ae. aegypti larvae in 1, 10, and 100 ppm n-heneicosane 

until eclosion and then testing the oviposition response of the adult females towards water, 1, 

10, and 100 ppm n-heneicosane. 
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Materials and methods 

Mosquito colony  

Ae. aegypti eggs were obtained from Biogents AG (Regensburg, Germany). After hatching, 

mosquito larvae were fed on fish food (TetraMin®, Tetra GmbH, Melle, Germany) every 

other day. Cotton pads soaked with sugar solution (10%, w/vol) were provided to feed adult 

mosquitoes as a source of carbohydrates. Mosquito females were blood fed on pigeons for 

egg laying. Mosquitoes were raised and all experiments were done in a climate chamber 

maintained at a 25-28 °C temperature, 60-70 % relative humidity and L12:D12 photoperiod. 

The climate chamber was in complete darkness during the dark cycle (between 7 pm and 7 

am). Animal use followed European and German legal regulations. 

Conditioning 

Conditioning was done by transferring one day old larvae to water with the desired 

concentrations (1, 10, and 100 ppm) of n-heneicosane. To make sure mosquitoes are exposed 

to a stable concentration of n-heneicosane, larvae were transferred three days later to new 

water with the same concentration of n-heneicosane and maintained in that water until 

eclosion. Naïve larvae were also transferred to new water (with no n-heneicosane) three days 

later to rule out the effect of transferring larvae to new water. Naïve and conditioned larvae 

were raised at a density of 200 larvae/500 ml water in glass crystallizing dishes of 115 mm 

diameter and 500 ml volume (VWR, Darmstadt, Germany). 

Each dish was provided with 0.5 g of Tetramin® for larval feeding. All dishes, including 

those to which larvae were transferred three days later, were provided with the same amount 

of food at the same time (at the day the eggs were hatched) to make sure larvae did not 

experience differences when transferred to new water. 
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Bioassay 

Oviposition response was tested following previously described bioassay [40,49] with some 

modifications. Experiments were done in white plastic mosquito boxes (30 x 30 x 30 cm) 

with three mesh sides. At the day of the experiment, each box was provided 20 blood fed 

females (1-2 week old, four days post blood feeding) and four oviposition cups. In all 

experiments, oviposition cups were placed pseudorandomly at fixed positions at the corners 

of the cage. 

Oviposition cups were glass crystallizing dishes of 50 mm diameter and 40 ml volume 

(VWR, Darmstadt, Germany) that contained 30 ml of the test solution. Experiments started at 

3-4 pm and stopped at 10 am the next morning. The total number of eggs in each cup was 

counted manually and the cups were then rinsed with tap water followed by n-hexane (Fisher, 

Loughborough, UK. 99% purity). 

We prepared stock solutions of n-heneicosane (Sigma Aldrich, Steinheim, Germany) in n-

hexane and added 1 ml of each solution to 30 ml of water to reach the indicated final 

concentration. We also added 1 ml of pure n-hexane to 30 ml of water in control cups. We 

left all cups for 30 min before introducing them into the cages to allow the n-hexane to 

evaporate. 

We tested 1, 10 and 100 ppm n-heneicosane against water, using gravid females of: 

1- Naïve Ae. aegypti mosquitoes (tested using 8 mosquito cages; n=8). 

2- Ae. aegypti mosquitoes that were conditioned at the larval stage with 1, 10 or 100 

ppm n-heneicosane (n=8). 

Analysis 

Eggs were counted manually after each experiment and two-way ANOVA with the factors 

"cup" (odor), "cage" and "interaction" was used followed with a pairwise t-test with Holm 

correction to compare the number of eggs laid on water and the different concentration of n-
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heneicosane. The p-values of the “cup” factor in the ANOVA analysis were significant in all 

experiments. We therefore report only p-values of the post hoc pairwise t-test to show 

differences between odors. All analyses were conducted in R [120]. 
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Results 

First, we tested the oviposition response of naïve Ae. aegypti mosquitoes towards water, 1, 10 

and 100 ppm n-heneicosane. As expected, Ae. aegypti gravid females laid more eggs on 10 

ppm n-heneicosane than water, 1 or 100 ppm n-heneicosane (p=0.016, 0.016 and 0.012, 

respectively, post hoc pairwise t-test with Holm correction, n=8), and there was no significant 

differences between the number of eggs laid on water, 1, and 100 ppm n-heneicosane (Fig. 

24A). 

We then tested whether Ae. aegypti mosquitoes raised as larvae in water with 1, 10, or 100 

ppm n-heneicosane would have an altered response towards different concentrations of n-

heneicosane. Mosquitoes raised at 1 ppm n-heneicosane also had a preference towards 10 

ppm in comparison with water, 1, or 100 ppm (p<0.001, post hoc pairwise t-test with Holm 

correction, n=8, Fig. 24B). 
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Figure 24. Oviposition response of naïve and conditioned Ae. aegypti to 1ppm n-heneicosane 

tested against water. A) Response of naïve Ae. aegypti shows a significant preference towards 10 

ppm n-heneicosane in comparison with water, 1, and 100 ppm n-heneicosane (p=0.016, 0.016 and 

0.012, respectively, post hoc pairwise t-test with Holm correction, n=8). B) Response of Ae. aegypti 

raised as larvae at 1 ppm n-heneicosane shows a significant preference towards 10 ppm n-heneicosane 

compared with water, 1, and 100 ppm n-heneicosane (p<0.001, post hoc pairwise t-test with Holm 

correction, n=8). Different letters indicate statistically significant differences of mean. 

 

Similarly, mosquitoes raised at 10 ppm n-heneicosane also had a preference towards 10 ppm 

in comparison with water (p=0.013, post hoc pairwise t-test with Holm correction, n=8, Fig. 

25A). Interestingly, however, the number of eggs laid on 10 ppm was higher but not 

significantly different from those laid on 1 and 100 ppm n-heneicosane (p=0.097, and 0.245, 

respectively, post hoc pairwise t-test with Holm correction, n=8, Fig. 25A). On the other 

hand, mosquitoes raised at 100 ppm n-heneicosane laid significantly higher number of eggs 

on 100 ppm than on 10 ppm n-heneicosane (p=0.037, post hoc pairwise t-test with Holm 

correction, n=8, Fig. 25B) and both were significantly higher than those laid on water and 1 

ppm n-heneicosane (p<0.001, post hoc pairwise t-test with Holm correction, n=8, Fig. 25B). 
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Figure 25. Oviposition response of Ae. aegypti conditioned to 10 and 100 ppm n-heneicosane 

tested against water. A) Response of Ae. aegypti raised at 10 ppm n-heneicosane shows a preference 

towards 10 ppm that is significantly different from water but not from 1 and 100 ppm n-heneicosane 

(p=0.013, 0.097, and 0.245, respectively, post hoc pairwise t-test with Holm correction, n=8). B) 

Response of Ae. aegypti raised at 100 ppm n-heneicosane shows a significant preference towards 100 

ppm compared with water, 1, and 10 ppm n-heneicosane (p<0.001, p<0.001, and p=0.037, 

respectively, post hoc pairwise t-test with Holm correction, n=8). Different letters indicate statistically 

significant differences of mean. 
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Discussion 

We show in this study a preference of Ae. aegypti gravid females towards 10 ppm n-

heneicosane. Naïve Ae. aegypti females laid more eggs on 10 ppm n-heneicosane when given 

a choice of water, 1, 10, or 100 ppm n-heneicosane. This confirms the results of an earlier 

study that 10 ppm is the optimum concentration of n-heneicosane that elicits the strongest 

oviposition response with Ae. aegypti gravid females [31]. 

However, we also show that the preference towards 10 ppm n-heneicosane over other 

concentrations could be altered by experiencing a higher concentration during development at 

the larval, pupal, and early adult stages. Mosquitoes raised as larvae in water with 100 ppm n-

heneicosane preferred to lay eggs on water containing 100 ppm n-heneicosane even more 

than the innately optimum concentration 10 ppm. Interestingly, raising mosquitoes in water 

with 10 ppm n-heneicosane also resulted in an increase in the number of eggs laid on 100 

ppm but this number of eggs was not significantly different from the number laid on 10 ppm 

n-heneicosane. 

The altered response towards different concentrations of n-heneicosane could be due to 

associative learning, in which mosquito larvae associate a specific concentration of n-

heneicosane with a positive stimulus (larval food). The information obtained from this 

learning was maintained through metamorphosis into the adult stage. A similar transfer of 

information through metamorphosis has been previously reported for other insect species; 

Drosophila flies that were trained as larvae to associate an odor with an electric shock 

showed avoidance to the conditioned odor at the adult stage [143]. In mosquitoes, an 

experience dependent change in oviposition response was also shown in Cx. quinquefasciatus 

towards a naturally deterrent concentration of Skatole [29]. However, this is the first time an 

altered oviposition response in mosquitoes is shown towards a pheromone. Pheromones are 

characterized by eliciting an innate response, but it can be also conditional on experience at 
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normal early development [144]. We showed that changing the conditions of this “normal” 

early development could alter the innate preference. However, from our study, we cannot 

conclude that the response to n-heneicosane is completely dependent on experience but rather 

that only the concentration preference is plastic and could be altered by early experience. 

Mosquito larval experience was previously shown insufficient for modifying oviposition 

response [48]. A change in the mosquito oviposition response towards a deterrent requires not 

only an experience at the larval stage but also enforcement at the early adult stage [48]. In our 

experiments, mosquitoes were raised until adult eclosion in water with the conditioned 

stimulus (a specific concentration of n-heneicosane) suggesting that early adult experience 

could also have a role in this altered oviposition preference. 

The plasticity of n-heneicosane concentration preference could have an influence on 

mosquito oviposition decision in nature. Mosquito experience at the larval, pupal and early 

adult stages could affect the oviposition response towards water with conspecific larvae. In 

this case, gravid females will not have a preference towards an innate optimum larval density. 

Instead, the preferred larval density would be in part dependent on early experience. 

However, we do not expect that gravid Ae. aegypti would always choose water with the same 

larval density they previously experienced as larvae. In nature, unlike in our experiments, 

higher concentrations of n-heneicosane would be due to higher densities of larvae and hence 

stronger competition. Therefore, unless these higher densities are accompanied with more 

food, a higher larval density or concentration of n-heneicosane could be associated with a 

harsh experience (competition) and could then lead mosquitoes to lay eggs on water less 

similar to their previous larval habitats. 
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General discussion 

 

 

In this thesis, I studied olfactory/gustatory cues that innately affect mosquito host seeking and 

oviposition behaviors. In addition, I studied the effect of interactions with structurally similar 

odor and prior experience on mosquito response towards such cues. These cues can be 

categorized based on their effect into attractants/repellents which are cues that elicit mosquito 

flight towards or away from the source (pure olfactory cues) and stimulants/deterrents which 

are cues that elicit or inhibit a specific behavior (host seeking or oviposition) once the 

mosquito has landed on the source. Therefore, stimulants/deterrents could have a gustatory 

component. Y-tube olfactometer was used in this study to test flight orientation 

(attraction/repellency) of host seeking mosquitoes in response to odors. However, for the 

oviposition effect, I could not stimulate the gravid females to fly into the Y-tube 

olfactometer. This could be due to the difference in incentive levels between host seeking and 

oviposition seeking mosquitoes; blood feeding deprivation was found to negatively affect 

mosquito longevity more than oviposition deprivation [145] and this suggest a higher 

pressure for blood seeking behavior than for oviposition. Therefore, I used standard cage 

assay to test the effect of odors on oviposition. Using that assay, I could show 

stimulant/deterrent effect on oviposition but cannot rule out a gustatory effect for these 

compounds. 

I showed that p-cresol, a compound that previously showed contradictory effect on 

oviposition [18,19], was deterrent for Ae. aegypti oviposition at a broad range of 

concentrations (10
-8

-10
3 

ppm). This compound was stimulant at 10
-10 

ppm suggesting a dose 

dependent effect. On the other hand, the isomer m-cresol was deterrent at 10
3
 only. This 

means that the two isomers have different effects on oviposition although they activate an 



111 
 

overlapping set of responses in receptor cells housed in the same sensilla [22]. To test 

interactions between the two isomers, I tested the oviposition response towards a mixture of 

the two compounds and also the oviposition response towards the two compounds presented 

in separate cups but together in the same cage. The mixture was deterrent suggesting that m-

cresol had no effect on p-cresol in the mixture. Interestingly, m-cresol showed a deterrent 

effect when presented with p-cresol in the same cage. This suggests an interaction between 

the two compounds; one explanation could be that due to the similarity in structure the gravid 

females generalized the effect of the two odors and therefore perceived m-cresol as a 

deterrent odor. Another explanation could be that a mixture of the two odors was present in 

the air inside the cage and therefore the gravid females avoided that mixture and directed 

most of the eggs to the water cup. In both cases, this could explain contradictions in literature 

on the effect of some odors; odors present in the surroundings (background odors in the lab or 

in the field) could have an effect on the response towards the tested odor. 

For host seeking behavior, I used a Y-tube olfactometer to test flying orientation of non-

blood fed mosquitoes in response to three odors that have been previously shown to be 

repellents in landing assays [6]. I showed that methyl N,N-dimethyl anthranilate and ethyl 

anthranilate repel host seeking Ae. aegypti away from skin odor confirming their repellent 

effect in turbulent air situations. On the other hand, butyl anthranilate was not repellent in the 

Y-tube olfactometer experiment suggesting that it works only in still air situations. In 

addition, using oviposition cage assays, I showed that methyl N,N-dimethyl anthranilate has 

no effect on oviposition. Some odors elicit reduced olfactory response in mosquitoes after a 

blood meal [133-135]. This could be the case in methyl N,N-dimethyl anthranilate and 

suggests that it is a repellent specific for host seeking behavior only. Ethyl anthranilate and 

butyl anthranilate were both deterrents for oviposition suggesting that ethyl anthranilate is a 

general repellent odor that affects both host seeking and oviposition behaviors; the response 
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to ethyl anthranilate does not change across the gonotrophic cycle. Also, this confirms the 

repellent/deterrent effect of butyl anthranilate in still air situations only; mosquitoes avoid 

landing (in still air) on a substrate that contains butyl anthranilate, whether this substrate is 

host skin or oviposition water. 

In this study, as in many previous studies, the effect of odors has been tested behaviorally on 

host seeking and gravid mosquitoes. However, the coding of these odors in the mosquito 

antennal lobe has not been previously tested. Here, I present a calcium imaging method to 

test odor coding of significant odors in the mosquito antennal lobe. The antennal lobe 

staining was successful in 34% of the animals (Ae. aegypti mosquitos). Given the time 

needed for acquiring skills for successful dissection and staining, in addition to experiments 

in which different dyes were tested, this success rate is already high and could be improved in 

future studies. A total of 7 animals showed an odor response to 2-phenylethanol, lactic acid, 

ammonia, or carbon dioxide. 2-phenylethanol elicited responses in one area at the antennal 

lobe map across different animals, suggesting that this area could be a 2-phenylethanol 

activated glomerulus. However, due to the lack of reference points (glomeruli that are 

typically activated by specific odors) I cannot compare data across animals and confirm that 

glomeruli at similar positions in different animals are the same glomerulus. 2-phenylethanol 

showed a response in 3 non-blood fed and 1 gravid mosquitoes. This suggests a role for 2-

phenylethanol in both host seeking and oviposition of Ae. aegypti. Therefore, I tested the 

effect of 2-phenylethanol on host seeking behavior using a Y-tube olfactometer and on 

oviposition using cage assay. 2-phenylethanol was repellent for host seeking mosquitoes at 

10
-2

 and 10
-3

 and deterrent for gravid females at 100 and 10 ppm. This means that 2-

phenylethanol has a general repellent/deterrent effect on mosquito host seeking and 

oviposition, although at different range of concentrations. The fact that gravid females get in 

contact with the substrate in the oviposition assay could explain why lower concentrations of 
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2-phenylethanol are sufficient to deter the gravid females in the oviposition experiment while 

higher concentrations are required for a repellent effect in the Y-tube olfactometer. 

In all experiments, the effect of odors was tested using naïve mosquitoes; mosquitoes that 

have no prior experience with the tested odor. It is conceivable, however, that mosquitoes 

encounter many odors in the environment where they were raised. Therefore, I tested the 

effect of prior experience on oviposition by raising Ae. aegypti larvae in water that contains 

different concentrations of the oviposition pheromone n-heneicosane and then tested the 

oviposition response of these mosquitoes as adult gravid females towards different 

concentrations of the pheromone. I showed that raising Ae. aegypti larvae at 100 ppm of n-

heneicosane affected their oviposition response afterwards as adults. These conditioned 

mosquitoes preferred to lay eggs on water that contained 100 ppm n-heneicosane over water 

that contained the innately preferred concentration 10 ppm. This could mean that the larvae 

learn to associate the odor of the 100 ppm n-heneicosane with their larval habitat and 

maintain a memory of that odor through metamorphosis to the adult stage. In this case, prior 

experience would have an effect on mosquito oviposition choice in nature. Mosquitoes could 

have a preference to lay eggs in water that contains odor cues from their previous larval 

habitats irrespective of their innate preference towards those odors. 

In conclusion, I showed in this study the repellent effect of 3 compounds (methyl N,N-

dimethyl anthranilate, ethyl anthranilate, and 2-phenylethanol) on mosquito host seeking 

behavior and the deterrent or stimulant effect of 6 compounds (p-cresol, m-cresol at 1000 

ppm only, ethyl anthranilate, butyl anthranilate, 2-phenylethanol, and n-heneicosane) on 

mosquito oviposition behavior. In addition, I showed that structurally similar odors (p-cresol 

and m-cresol) could be perceived similarly by gravid females if presented together in the 

same place suggesting an effect of background odors on oviposition in lab studies and in 

nature. I also presented a calcium imaging method to study odor coding in the mosquito brain 
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and showed that it is successful to some extent in staining and recording odor responses from 

the antennal lobe. Finally, I showed that mosquito oviposition decision depends not only on 

the innate preference towards an odor but also on the prior experience the mosquito has with 

that odor.  

These findings add potential solutions for mosquito control programs; compounds presented 

in this study could be used in push/pull mosquito control strategies in which mosquitoes are 

repelled from one place and attracted to another that contains insecticide baited traps. In 

addition, understanding the effect of background odors and prior experience on mosquito 

oviposition choice would help design control methods that are most suited to the surrounding 

environment. 
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Summary 

 

 

The aim of this work was to study odor cues that affect mosquito host seeking and 

oviposition behavior. Due to the vastness (and sometimes contradictions) of mosquito 

oviposition cues available in literature, I started by reviewing these cues, their source in 

nature, and their role in mosquito oviposition. Then, I tested the oviposition response of 

Aedes aegypti towards the contradictory oviposition odor p-cresol and its isomer m-cresol in 

different situations. p-cresol showed an oviposition deterrent effect at a broad range of 

concentrations (10
-8

-10
3 

ppm) and stimulant effect only at 10
-10

 ppm while m-cresol was 

deterrent at 10
3 

ppm only. Mixing the two compounds at 10
2 

ppm yielded an oviposition 

deterrent effect. In addition, when both odors were presented in separate cups but together in 

the same cage, m-cresol was also perceived as deterrent suggesting an interaction between the 

two odors when presented in the same place. 

Odors that influence mosquito host seeking could also affect oviposition. I confirmed the 

repellent effect of methyl N,N-dimethyl anthranilate and ethyl anthranilate on host seeking 

Aedes aegypti mosquitoes using a Y-tube olfactometer and showed that butyl anthranilate, 

which has been previously shown to be repellent, works only in still air situations. In 

addition, I showed that ethyl anthranilate and butyl anthranilate have an oviposition deterrent 

effect while methyl N,N-dimethyl anthranilate has no effect on Aedes aegypti oviposition. 

To study odor coding in the mosquito antennal lobe, I presented a calcium imaging method 

and showed that it works to some degree in staining the antennal lobe. I also showed 

glomerular response in few mosquitoes towards significant odors, and the response to one of 

them (2-phenylethanol) was consistently in similar positions within the antennal lobe of 
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different mosquitoes. Afterwards, I tested the host seeking and oviposition response of Aedes 

aegypti mosquitoes towards 2-phenylethanol, the odor which elicited the most stable response 

in calcium imaging experiments. 2-phenylethanol repelled host seeking mosquitoes at 10
-3 

and
 
10

-2
 and deterred oviposition at 10 and 100 ppm. 

Finally, I tested the effect of prior experience on mosquito oviposition preference towards 

different concentrations of the oviposition pheromone n-heneicosane. I showed that raising 

Aedes aegypti larvae in 100 ppm n-heneicosane until eclosion resulted in a preference of the 

gravid females towards 100 ppm n-heneicosane over the innately preferred concentration 10 

ppm. 
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Zusammenfassung 

 

Ziel dieser Arbeit war es Düfte zu untersuchen, welche die Wirtssuche und das 

Eiablageverhalten von Moskitos beeinflussen. Aufgrund der Vielfalt und manchmal 

Widersprüchlichkeit der in der Literatur beschrieben Moskito-Eiablage-Signale habe ich 

diese Düfte, ihre natürlichen Quellen und ihre Rolle bei der Eiablage zu Beginn der Arbeit 

zusammengefasst. Anschließend habe ich das Eiablageverhalten von Aedes aegypti unter 

Einfluß des widersprüchlichen Eiablage-Duftes p-cresol und seinem Isomer m-cresol in 

verschiedenen Situationen untersucht. p-cresol zeigte über einen weiten 

Konzentrationsbereich (10
-8

-10
3 

ppm) einen abschreckenden, bei 10
-10

 ppm einen 

stimulierenden Effekt auf die Eiablage. m-cresol war nur bei 10
3 

ppm abschreckend. Eine 

Mischung aus beiden Stoffen bei 10
-2

 ppm hatte abschreckende Wirkung. Zusätzlich hatte m-

cresol eine abschreckende Wirkung wenn es im selben Käfig wie p-cresol, jedoch in 

getrennten Behältern präsentiert wurde. Dies lässt auf eine Interaktion der beiden Substanzen 

schließen, wenn diese am selben Ort vorhanden sind. 

Düfte, die die Wirtssuche von Moskitos beeinflußen, könnten auch einen Einfluß auf die 

Eiablage haben. Ich habe den abwehrenden Effekt von Methyl N,N-dimethyl anthranilat und 

Ethyl anthranilat auf die Wirtssuche von Aedes aegypti mittels eines Y-Olfaktometers 

bestätigt. Zudem konnte ich zeigen, dass Butyl anthranilat, welches bereits früher als 

Abwehrstoff beschrieben wurde, nur in windfreier Umgebung funktioniert. Außerdem habe 

ich gezeigt, dass sich Ethyl anthranilat und Butyl anthranilat negativ auf die Eiablage 

auswirken während Methyl N,N-dimethyl anthranilat keinen Einfluß auf dieses Verhalten bei 

Aedes aegypti hat. 
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Um die Duftkodierung im Antennallobus von Moskitos zu untersuchen, habe ich Kalzium-

Imaging genutzt und gezeigt, dass die Anfärbung des Antennallobus zum Teil erfolgreich 

war. In einigen Moskitos konnte ich Antworten von Glomeruli auf wichtige Düfte messen. 

Die Antworten auf einen Duft (2-phenylethanol) waren an ähnlichen Stellen in den 

Antenalloben von verschiedenen Moskitos lokalisiert. Anschließend habe ich 

2-phenylethanol, welches die stärksten Antworten im Kalzium-Imaging hervorrief, im 

Verhalten getestet. 2-phenylethanol hatte eine abschreckende Wirkung auf das Wirtssuche-

Verhalten der Moskitos bei 10
-3

 und 10
-2

 sowie auf die Eiablage bei 10 und 100 ppm. 

Abschließend habe ich den Einfluß von Erfahrung auf die Präferenz von verschiedenen 

Konzentrationen des Eiablage Pheromones n-heneicosane untersucht. Ich konnte zeigen, dass 

die Aufzucht von Aedes aegypti Larven in 100 ppm n-heneicosane bei trächtigen Weibchen 

darin resultierte, dass diese eine Konzentration von 100 ppm n-heneicosane präferierten 

anstatt, wie angeboren, 10 ppm. 



119 
 

References 

 

 

1. Takken W, Knols BGJ (1999) Odor-mediated behavior of afrotropical malaria mosquitoes. 

Annu Rev Entomol 44: 131–157. 

2. Bentley MD, Day JF (1989) Chemical ecology and behavioral aspects of mosquito 

oviposition. Annu Rev Entomol 34: 401–421. 

3. Geier M, Bosch OJ, Boeckh J (1999) Ammonia as an attractive component of host odour 

for the yellow fever mosquito, Aedes aegypti. Chem Senses 24: 647-653. 

4. Verhulst NO, Mbadi PA, Kiss G, Mukabana WR, van Loon JJA, et al. (2011) 

Improvement of a synthetic lure for Anopheles gambiae using compounds produced 

by human skin microbiota. Malar J 10: 28. 

5. Verhulst NO, Beijleveld H, Qiu YT, Maliepaard C, Verduyn W, et al. (2013) Relation 

between HLA genes, human skin volatiles and attractiveness of humans to malaria 

mosquitoes. Infect, Genet Evol 18: 87-93. 

6. Kain P, Boyle SM, Tharadra SK, Guda T, Pham C, et al. (2013) Odour receptors and 

neurons for DEET and new insect repellents. Nature 502: 507-512. 

7. McPhatter LP, Debboun M (2009) Attractiveness of botanical infusions to ovipositing 

Culex quinquefasciatus, Cx. nigripalpus, and Cx. erraticus in San Antonio, Texas. J 

Am Mosq Control Assoc 25: 508-510. 

8. Ponnusamy L, Wesson DM, Arellano C, Schal C, Apperson CS (2010) Species 

composition of bacterial communities influences attraction of mosquitoes to 

experimental plant infusions. Microb Ecol 59: 158-173. 



120 
 

9. Trexler JD, Apperson CS, Zurek L, Gemeno C, Kaufman CM, et al. (2003) Role of 

bacteria in mediating the oviposition responses of Aedes albopictus (Diptera: 

Culicidae). J Med Entomol 40: 841-848. 

10. Wachira SW, Ndung’u M, Njagi PG, Hassanali A (2010) Comparative responses of 

ovipositing Anopheles gambiae and Culex quinquefasciatus females to the presence of 

Culex egg rafts and larvae. Med Vet Entomol 24: 369-374. 

11. Mendki MJ, Ganesan K, Prakash S, Suryanarayana MVS, Malhotra RC, et al. (2000) 

Heneicosane: an oviposition-attractant pheromone of larval origin in Aedes aegypti 

mosquito. Curr Sci 78: 1295-1296. 

12. Walton WE, Van Dam AR, Popko DA (2009) Ovipositional responses of two Culex 

(Diptera: Culicidae) species to larvivorous fish. J Med Entomol 46: 1338-1343. 

13. Blaustein L, Kiflawi M, Eitam A, Mangel M, Cohen J (2004) Oviposition habitat 

selection in response to risk of predation in temporary pools: mode of detection and 

consistency across experimental venue. Oecologia 138: 300–305. 

14. Zahiri N, Rau ME (1998) Oviposition attraction and repellency of Aedes aegypti (Diptera: 

Culicidae) to waters from conspecific larvae subjected to crowding, confinement, 

starvation or infection. J Med Entomol 35: 782–787. 

15. Zettel Nalen CM, Allan SA, Becnel JJ, Kaufman PE (2013) Oviposition substrate 

selection by Florida mosquitoes in response to pathogen-infected conspecific larvae. J 

Vector Ecol 38: 182-187. 

16. Tikar SN, Yadav R, Mendki MJ, Rao AN, Sukumaran D, et al. (2014) Oviposition 

deterrent activity of three mosquito repellents diethyl phenyl acetamide (DEPA), 

diethyl m toluamide (DEET), and diethyl benzamide (DEB) on Aedes aegypti, Aedes 

albopictus, and Culex quinquefasciatus. Parasitol Res 113: 101-106. 



121 
 

17. Li J, Deng T, Li H, Chen L, Mo J (2009) Effects of water color and chemical compounds 

on the oviposition behavior of gravid Culex pipiens pallens females under laboratory 

conditions. J Agric Urban Entomol 26: 23-30. 

18. Allan SA, Kline DL (1995) Evaluation of organic infusions and synthetic compounds 

mediating oviposition in Aedes albopictus and Aedes aegypti (Diptera: Culicidae). J 

Chem Ecol 21: 1847-1860. 

19. Baak-Baak CM, Rodríguez-Ramirez AD, García-Rejón JE, Ríos-Delgado S, Torres-

Estrada JL (2013) Development and laboratory evaluation of chemically-based baited 

ovitrap for the Monitoring of Aedes aegypti. J Vector Ecol 38: 175-181. 

20. Reiter P, Amador MA, Colon N (1991) Enhancement of the CDC ovitrap with hay 

infusion for daily monitoring of Aedes aegypti populations. J Am Mosq Control 

Assoc 7: 52-55. 

21. Ponnusamy L, Xu N, Böröczky K, Wesson DM, Abu Ayyash L, et al. (2010) Oviposition 

responses of the mosquitoes Aedes aegypti and Aedes albopictus to experimental plant 

infusions in laboratory bioassays. J Chem Ecol 36: 709-719. 

22. Siju KP, Hill SR, Hansson BS, Ignell R (2010) Influence of blood meal on the 

responsiveness of olfactory receptor neurons in antennal sensilla trichodea of the 

yellow fever mosquito, Aedes aegypti. J Insect Physiol 56: 659-665. 

23. Bentley MD, McDaniel IN, Yatagai M, Lee H, Maynard R (1981) Oviposition attractants 

and stimulunts of Aedes triseriatus (Say) (Diptera:Culicidae). Environ Entomol 10: 

186–189. 

24. Collins LE, Blackwell A (2002) Olfactory cues for oviposition behavior in 

Toxorhynchites moctezuma and Toxorhynchites amboinensis (Diptera: Culicidae). J 

Med Entomol 39: 121-126. 



122 
 

25. Martin JP, Beyerlein A, Dacks AM, Reisenman CE, Riffell JA, et al. (2011) The 

neurobiology of insect olfaction: sensory processing in a comparative context. Prog 

Neurobiol 95: 427-447. 

26. Su CY, Menuz K, Carlson JR (2009) Olfactory perception: receptors, cells, and circuits. 

Cell 139: 45-59. 

27. Galizia CG, Vetter RS (2004) Optical methods for analyzing odor-evoked activity in the 

insect brain. In: Christensen TA, editor. Advances in Insect Sensory Neuroscience. 

Boca Raton, FL CRC Press. 

28. Grienberger C, Konnerth A (2012) Imaging calcium in neurons. Neuron 73: 862-885. 

29. McCall PJ, Eaton G (2001) Olfactory memory in the mosquito Culex quinquefasciatus. 

Med Vet Entomol 15: 197-203. 

30. Kaur JS, Lai YL, Giger AD (2003) Learning and memory in the mosquito Aedes aegypti 

shown by conditioning against oviposition deterrence. Med Vet Entomol 17: 457–

460. 

31. Seenivasagan T, Sharma KR, Sekhar K, Ganesan K, Prakash S, et al. (2009) 

Electroantennogram, flight orientation, and oviposition responses of Aedes aegypti to 

the oviposition pheromone n-heneicosane. Parasitol Res 104: 827-833. 

32. Dethier VG, Browne LB, Smith CN (1960) The designation of chemicals in terms of the 

responses they elicit from insects. J Econ Entomol 53: 134-136. 

33. Du YJ, Millar JG (1999) Electroantennogram and oviposition bioassay responses of 

Culex quinquefasciatus and Culex tarsalis (Diptera: Culicidae) to chemicals in odors 

from Bermuda grass infusions. J Med Entomol 36: 158-166. 

34. Merritt RW, Dadd RH, Walker ED (1992) Feeding behavior, natural food, and natural 

relationships of larval mosquitoes. Annu Rev Entomol 37: 349-376. 



123 
 

35. Yee DA, Kaufman MG, Juliano SA (2007) The significance of ratios of detritus types and 

micro-organism productivity to competitive interactions between aquatic insect 

detritivores. J Anim Ecol 76: 1105-1115. 

36. Kesavaraju B, Afify A, Gaugler R (2009) Growth and survival of the invasive Aedes 

albopictus larvae on Diospyros virginiana (American persimmon) leaves. J Med 

Entomol 46: 465-470. 

37. Murrell EG, Juliano SA (2008) Detritus type alters the outcome of interspecific 

competition between Aedes aegypti and Aedes albopictus (Diptera: Culicidae). J Med 

Entomol 45: 375-383. 

38. Obenauer PJ, Allan SA, Kaufman PE (2010) Aedes albopictus (Diptera: Culicidae) 

oviposition response to organic infusions from common flora of suburban Florida. J 

Vector Ecol 35: 301-306. 

39. Millar JG, Chaney JD, Mulla MS (1992) Identification of oviposition attractants for Culex 

quinquefasciatus from fermented Bermuda grass infusions. J Am Mosq Control Assoc 

8: 11-17. 

40. Ponnusamy L, Xu N, Nojima S, Wesson DM, Schal C, et al. (2008) Identification of 

bacteria and bacteria-associated chemical cues that mediate oviposition site 

preferences by Aedes aegypti. Proc Natl Acad Sci USA 105: 9262-9267. 

41. Hazard EI, Mayer MS, Savaoe KE (1967) Attraction and oviposition stimulation of 

gravid female mosquitoes by bacteria from hay infusion. Mosq News 27: 133-136. 

42. Al-Doghairi M, El-Nadi A, Elhag E, Al-Ayedh H (2004) Effect of Solenostemma argel 

on oviposition, egg hatchability and viability of Culex pipiens L. larvae. Phytother 

Res 18: 335-338. 

43. Elango G, Bagavan A, Kamaraj C, Abduz Zahir A, Abdul Rahuman A (2009) 

Oviposition-deterrent, ovicidal, and repellent activities of indigenous plant extracts 



124 
 

against Anopheles subpictus Grassi (Diptera: Culicidae). Parasitol Res 105: 1567-

1576. 

44. Warikoo R, Wahab N, Kumar S (2011) Oviposition-altering and ovicidal potentials of 

five essential oils against female adults of the dengue vector, Aedes aegypti L. 

Parasitol Res 109: 1125-1131. 

45. Rajkumar S, Jebanesan A (2009) Larvicidal and oviposition activity of Cassia obtusifolia 

Linn (Family: Leguminosae) leaf extract against malarial vector, Anopheles stephensi 

Liston (Diptera: Culicidae). Parasitol Res 104: 337-340. 

46. Coelho JS, Santos NDL, Napoleão TH, Gomes FS, Ferreira RS, et al. (2009) Effect of 

Moringa oleifera lectin on development and mortality of Aedes aegypti larvae. 

Chemosphere 77: 934-938. 

47. Santos NDL, de Moura KS, Napoleão TH, Santos GKN, Coelho LCBB, et al. (2012) 

Oviposition-stimulant and ovicidal activities of Moringa oleifera lectin on Aedes 

aegypti. PLoS One 7: e44840. 

48. Hamilton CE, Beresford DV, Sutcliffe JF (2011) Effects of natal habitat odour, reinforced 

by adult experience, on choice of oviposition site in the mosquito Aedes aegypti. Med 

Vet Entomol 25: 428-435. 

49. Trexler JD, Apperson CS, Schal C (1998) Laboratory and field evaluations of oviposition 

responses of Aedes albopictus and Aedes triseriatus (Diptera: Culicidae) to oak leaf 

infusions. J Med Entomol 35: 967-976. 

50. Isoe J, Millar JG, Beehler JW (1995) Bioassays for Culex (Diptera: Culicidae) mosquito 

oviposition attractants and stimulants. J Med Entomol 32: 475-483. 

51. Arbaoui AA, Chua TH (2014) Bacteria as a source of oviposition attractant for Aedes 

aegypti mosquitoes. Trop Biomed 31: 134-142. 



125 
 

52. Mboera LEG, Takken W, Mdira KY, Pickett JA (2000) Sampling gravid Culex 

quinquefasciatus (Diptera: Culicidae) in Tanzania with traps baited with synthetic 

oviposition pheromone and grass infusions. J Med Entomol 37: 172-176. 

53. Mboera LEG, Mdira KY, Salum FM, Takken W, Pickett JA (1999) Influence of synthetic 

oviposition pheromone and volatiles from soakage pits and grass infusions upon 

oviposition site-selection of Culex mosquitoes in Tanzania. J Chem Ecol 25: 1855–

1865. 

54. Barbosa RMR, A. S, Eiras AE, Regis L (2007) Laboratory and field evaluation of an 

oviposition trap for Culex quinquefasciatus (Diptera: Culicidae). Mem Inst Oswaldo 

Cruz 102: 523-529. 

55. Barbosa RMR, Regis L, Vasconcelos R, Leal WS (2010) Culex mosquitoes (Diptera: 

Culicidae) egg laying in traps loaded with Bacillus thuringiensis variety israelensis 

and baited with skatole. J Med Entomol 47: 345-348. 

56. Tennyson S, Ravindran KJ, Eapen A, William SJ (2012) Effect of Ageratum 

houstonianum Mill. (Asteraceae) leaf extracts on the oviposition activity of Anopheles 

stephensi, Aedes aegypti and Culex quinquefasciatus (Diptera: Culicidae). Parasitol 

Res 111: 2295-2299. 

57. Cheah S-X, Tay J-W, Chan L-K, Jaal Z (2013) Larvicidal, oviposition, and ovicidal 

effects of Artemisia annua (Asterales: Asteraceae) against Aedes aegypti, Anopheles 

sinensis, and Culex quinquefasciatus (Diptera: Culicidae). Parasitol Res 112: 3275-

3282. 

58. Torres-Estrada JS, Meza-Alvarez RA, Cibrían-Tovar J, Rodríguez-López MH, 

Arredondo-Jiménez JI, et al. (2005) Vegetation-derived cues for the selection of 

oviposition substrates by Anopheles albimanus under laboratory conditions. J Am 

Mosq Control Assoc 21: 344-349. 



126 
 

59. Santos NDL, Paixao KS, Napoleao TH, Trindade PB, Pinto MR, et al. (2014) Evaluation 

of Moringa oleifera seed lectin in traps for the capture of Aedes aegypti eggs and 

adults under semi-field conditions. Parasitol Res 113: 1837-1842. 

60. Rajkumar S, Jebanesan A (2005) Oviposition deterrent and skin repellent activities of 

Solanum trilobatum leaf extract against the malarial vector Anopheles stephensi. J 

Insect Sci 5: 15. 

61. Prathibha KP, Raghavendra BS, Vijayan VA (2014) Larvicidal, ovicidal, and oviposition-

deterrent activities of four plant extracts against three mosquito species. Environ Sci 

Pollut Res 21: 6736–6743. 

62. Chenniappan K, Kadarkarai M (2008) Oviposition deterrent, ovicidal and gravid 

mortality effects of ethanolic extract of Andrographis paniculata Nees against the 

malarial vector Anopheles stephensi Liston (Diptera: Culicidae). Entomol Res 38: 

119-125. 

63. Waliwitiya R, Kennedy CJ, Lowenberger CA (2009) Larvicidal and oviposition-altering 

activity of monoterpenoids, trans-anithole and rosemary oil to the yellow fever 

mosquito Aedes aegypti (Diptera: Culicidae). Pest Manage Sci 65: 241-248. 

64. Bentley MD, McDaniel IN, Yatagai M, Lee HP, Maynard R (1979) p-Cresol: an 

oviposition attractant of Aedes triseriatus. Environ Entomol 8: 206-209. 

65. Trexler JD, Apperson CS, Gemeno C, Perich MJ, Carlson D, et al. (2003) Field and 

laboratory evaluations of potential oviposition attractants for Aedes albopictus 

(Diptera: Culicidae). J Am Mosq Control Assoc 19: 228-234. 

66. Beehler JW, Millar JG, Mulla MS (1994) Field evaluation of synthetic compounds 

mediating oviposition in Culex mosquitoes (Diptera: Culicidae). J Chem Ecol 20: 

281-291. 



127 
 

67. Leal WS, Barbosa RMR, Xu W, Ishida Y, Syed Z, et al. (2008) Reverse and conventional 

chemical ecology approaches for the development of oviposition attractants for Culex 

mosquitoes. PLoS One 3: e3045. 

68. Blackwell A, Mordue (Luntz) AJ, Hansson BS, Wadhams LJ, Pickett JA (1993) A 

behavioural and electrophysiological study of oviposition cues for Culex 

quinquefasciatus. Physiol Entomol 18: 343–348. 

69. Mboera LEG, Takken W, Mdira KY, Chuwa GJ, Pickett JA (2000) Oviposition and 

behavioral responses of Culex quinquefasciatus to Skatole and synthetic oviposition 

pheromone in Tanzania. J Chem Ecol 26: 1193–1203. 

70. Sumba LA, Guda TO, Deng AL, Hassanali A, Beier JC, et al. (2007) Mediation of 

oviposition site selection in the African malaria mosquito Anopheles gambiae 

(Diptera: Culicidae) by semiochemicals of microbial origin. Int J Trop Insect Sci 24. 

71. Huang J, Miller JR, Chen S, Vulule JM, Walker ED (2006) Anopheles gambiae (Diptera: 

Culicidae) oviposition in response to agarose media and cultured bacterial volatiles. J 

Med Entomol 43: 498– 504. 

72. Zahiri NS, Mulla MS (2005) Non-larvicidal effects of Bacillus thuringiensis israelensis 

and Bacillus sphaericus on oviposition and adult mortality of Culex quinquefasciatus 

Say (Diptera: Culicidae). J Vector Ecol 30: 155-162. 

73. Carrieri M, Masetti A, Albieri A, Maccagnani B, Bellini R (2009) Larvicidal activity and 

influence of Bacillus thuringiensis var. israelensis on Aedes albopictus oviposition in 

ovitraps during a two-week check interval protocol. J Am Mosq Control Assoc 25: 

149-155. 

74. Geetha I, Paily KP, Padmanaban V, Balaraman K (2003) Oviposition response of the 

mosquito, Culex quinquefasciatus to the Secondary Metabolite(s) of the Fungus, 

Trichoderma viride. Mem Inst Oswaldo Cruz 98: 223–226. 



128 
 

75. Soman RS, Reuben R (1970) Studies on the preference shown by ovipositing females of 

Aedes aegypti for water containing immature stages of the same species. J Med 

Entomol 7: 485-489. 

76. Trimble RM, Wellington WG (1980) Oviposition stimulant associated with fourth-instar 

larvae of Aedes togoi (Diptera: Culicidae). J Med Entomol 17: 509-514. 

77. Wong J, Stoddard ST, Astete H, Morrison AC, Scott TW (2011) Oviposition site 

selection by the dengue vector Aedes aegypti and its implications for dengue control. 

PLoS Negl Trop Dis 5: e1015. 

78. Ganesan K, Mendki MJ, Suryanarayana MVS, Prakash S, Malhotra RC (2006) Studies of 

Aedes aegypti (Diptera: Culicidae) ovipositional responses to newly identified 

semiochemicals from conspecific eggs. Aust J Entomol 45: 75-80. 

79. Ho B, Ewert A, Chew L (1989) Interspecific competition among Aedes aegypti, Ae. 

albopictus, and Ae. triseriatus (Diptera: Culicidae): larval development in mixed 

cultures. J Med Entomol 26: 615-623. 

80. Reiskind MH, Lounibos LP (2009) Effects of intraspecific larval competition on adult 

longevity in the mosquitoes Aedes aegypti and Aedes albopictus. Med Vet Entomol 

23: 62-68. 

81. Michaelakis A, Mihou AP, Couladouros EA, Zounos AK, Koliopoulos G (2005) 

Oviposition responses of Culex pipiens to a synthetic racemic Culex quinquefasciatus 

oviposition aggregation pheromone. J Agric Food Chem 53: 5225–5229. 

82. Olagbemiro TO, Birkett MA, Mordue AJ, Pickett JA (2004) Laboratory and field 

responses of the mosquito, Culex quinquefasciatus, to plant-derived Culex spp. 

oviposition pheromone and the oviposition cue skatole. J Chem Ecol 30: 965–976. 



129 
 

83. Kitron UD, Webb DW, Novak RJ (1989) Oviposition behavior of Aedes triseriatus 

(Diptera: Culicidae): prevalence, intensity, and aggregation of eggs in oviposition 

traps. J Med Entomol 26: 462-467. 

84. Mokany A, Shine R (2003) Oviposition site selection by mosquitoes is affected by cues 

from conspecific larvae and anuran tadpoles. Austral Ecol 28: 33-37. 

85. Osgood CE (1971) An oviposition pheromone associated with the egg-rafts of Culex 

tarsalis. J Econ Entomol 64: 1038–1041. 

86. Bruno DW, Laurence BR (1979) The influence of the apical droplet of Culex Egg rafts on 

oviposition of Culex pipiens fatigans (Diptera: Culicidae). J Med Entomol 16: 300-

305. 

87. Laurence BR, Pickett JA (1982) Erythro-6-Acetxoy-5-hexadecanolide, the major 

component of a mosquito oviposition attractant pheromone. J Chem Soc, Chem 

Commun 1982: 59-60. 

88. Braks MAH, Leal WS, Cardé RT (2007) Oviposition responses of gravid female Culex 

quinquefasciatus to egg rafts and low doses of oviposition pheromone under semifield 

conditions. J Chem Ecol 33: 567-578. 

89. Dawson GW, Mudd A, Pickett JA, Pile MM, Wadhams LJ (1990) Convenient synthesis 

of mosquito oviposition pheromone and a highly fluorinated analog retaining 

biological activity. J Chem Ecol 16: 1779-1789. 

90. Olagbemiro TO, Birkett MA, Mordue (Luntz) AJ, Pickett JA (1999) Production of 

(5R,6S)-6-acetoxy-5-hexadecanolide, the mosquito oviposition pheromone, from the 

seed oil of the summer cypress plant, Kochia scoparia (Chenopodiaceae). J Agric 

Food Chem 47: 3411-3415. 



130 
 

91. Gonzalez PV, Audino PAG, Masuh HM (2014) Electrophysiological and behavioural 

response of Aedes albopictus to n-heinecosane, an ovipositional pheromone of Aedes 

aegypti. Entomol Exp Appl 151: 191-197. 

92. Zahiri N, Dunphy GB, Rau ME (1998) Serum composition of Aedes aegypti (Diptera: 

Culicidae) larvae and the production of an oviposition repellent are influenced by 

infection with the entomopathogenic digenean Plagiorchis elegans (Trematoda: 

Plagiorchiidae), starvation, and crowding. J Med Entomol 35: 162-168. 

93. Zahiri N, Rau ME, Lewis DJ (1997) Oviposition responses of Aedes aegypti and Ae. 

atropalpus (Diptera: Culicidae) females to waters from conspecific and heterospecific 

normal larvae and from larvae infected with Plagiorchis elegans (Trematoda: 

Plagiorchiidae). J Med Entomol 34: 565-568. 

94. Zahiri N, Rau ME, Lewis DJ, Khanizadeh S (1997) Intensity and site of Plagiorchis 

elegans (Trematoda: Plagiorchiidae) infections in Aedes aegypti (Diptera: Culicidae) 

larvae affect the attractiveness of their waters to ovipositing, conspecific females. 

Environ Entomol 26: 920-923. 

95. Lowenberger CA, Rau ME (1994) Selective oviposition by Aedes aegypti (Diptera: 

Culicidae) in response to a larval parasite, Plagiorchis elegans (Trematoda: 

Plagiorchiidae). Environ Entomol 23: 1269-1276. 

96. Reeves WK (2004) Oviposition by Aedes aegypti (Diptera: Culicidae) in relation to 

conspecific larvae infected with internal symbiotes. J Vector Ecol 29: 159-163. 

97. Albeny-Simões D, Murrell EG, Elliot SL, Andrade MR, Lima E, et al. (2014) Attracted to 

the enemy: Aedes aegypti prefers oviposition sites with predator-killed conspecifics. 

Oecologia. 

98. Pyke GH (2005) A Review of the Biology of Gambusia affinis and G. holbrooki. Rev 

Fish Biol Fish 15: 339-365. 



131 
 

99. Blaustein L (1998) Influence of the predatory backswimmer, Notonecta maculata, on 

invertebrate community structure. Ecol Entomol 23: 246-252. 

100. Angelon KA, Petranka JW (2002) Chemicals of predatory mosquitofish (Gambusia 

affinis) influence selection of oviposition site by Culex mosquitoes. J Chem Ecol 28: 

797–806. 

101. Van Dam AR, Walton WE (2008) The effect of predatoryfish exudates on the 

ovipositional behavior of three mosquito species: Culex quinquefasciatus, Aedes 

aegypti and Culex tarsalis. Med Vet Entomol 22: 399–404. 

102. Stav G, Blaustein L, Margalith J (1999) Experimental evidence for predation risk 

sensitive oviposition by a mosquito, Culiseta longiareolata. Ecol Entomol 24: 202-

207. 

103. Silberbush A, Markman S, Lewinsohn E, Bar E, Cohen JE, et al. (2010) Predator-

released hydrocarbons repel oviposition by a mosquito. Ecol Lett 13: 1129-1138. 

104. Ohba S-Y, Ohtsuka M, Sunahara T, Sonoda Y, Kawashima E, et al. (2012) Differential 

responses to predator cues between two mosquito species breeding in different 

habitats. Ecol Entomol 37: 410-418. 

105. Zuharah WF, Lester PJ (2010) Can adults of the New Zealand mosquito Culex 

pervigilans (Bergorth) detect the presence of a key predator in larval habitats? J 

Vector Ecol 35: 100-105. 

106. Torres-Estrada JL, Rodriguez MH, Cruz-Lopez L, Arredondo-Jimenez JI (2001) 

Selective oviposition by Aedes aegypti (Diptera: culicidae) in response to 

Mesocyclops longisetus (Copepoda: Cyclopoidea) under laboratory and field 

conditions. J Med Entomol 38: 188-192. 



132 
 

107. Marten GG, Borjas G, Cush M, Fernandez E, Reid J (1994) Control of larval Aedes 

aegypti (Diptera: Culicidae) by cyclopoid copepods in peridomestic breeding 

containers. J Med Entomol 31: 36-44. 

108. Wasserberg G, White L, Bullard A, King J, Maxwell R (2013) Oviposition site selection 

in Aedes albopictus (Diptera: Culicidae): are the effects of predation risk and food 

level independent? J Med Entomol 50: 1159-1164. 

109. Pamplona LGC, Alencar CH, Lima JWO, Heukelbach J (2009) Reduced oviposition of 

Aedes aegypti gravid females in domestic containers with predatory fish. Trop Med 

Int Health 14: 1347–1350. 

110. Silberbush A, Tsurim I, Margalith Y, Blaustein L (2014) Interactive effects of salinity 

and a predator on mosquito oviposition and larval performance. Oecologia. 

111. Jacobson M, Ohinata K, Chambers DL, Jones WA, Fujimoto MS (1973) Insect Sex 

Attractants. 13. Isolation, identification, and synthesis of sex pheromones of the male 

Mediterranean fruit fly. J Med Chem 16: 246-251. 

112. Sharma  KR, Seenivasagan T, Rao AN, Ganesan  K, Agarwal  OP, et al. (2008) 

Oviposition responses of Aedes aegypti and Aedes albopictus to certain fatty acid 

esters. Parasitol Res 103: 1065–1073. 

113. Sharma  KR, Seenivasagan T, Rao AN, Ganesan  K, Agarwal  OP, et al. (2009) 

Mediation of oviposition responses in the malaria mosquito Anopheles stephensi 

Liston by certain fatty acid esters. Parasitol Res 104: 281-286. 

114. Seenivasagan T, Sharma KR, Ganesan K, Prakash S (2010) Electrophysiological, flight 

orientation and oviposition responses of three species of mosquito vectors to 

Hexadecyl Pentanoate: residual oviposition repellent activity. J Med Entomol 47: 

329-337. 



133 
 

115. Xue R-D, Barnard DR, Ali A (2001) Laboratory and field evaluation of insect repellents 

as oviposition deterrents against the mosquito Aedes albopictus. Med Vet Entomol 15: 

126-131. 

116. Navarro-Silva MA, Marques FA, Duque LJ (2009) Review of semiochemicals that 

mediate the oviposition of mosquitoes: a possible sustainable tool for the control and 

monitoring of Culicidae. Rev Bras Entomol 53: 1–6. 

117. Linley JR (1989) Laboratory tests of the effects of p-cresol and 4-methylcyclohexanol 

on oviposition by three species of Toxorhynchites mosquitoes. Med Vet Entomol 3: 

347-352. 

118. Schneider CA, Rasband WS, Eliceiri KW (2012) NIH Image to ImageJ: 25 years of 

image analysis. Nat Methods 9: 671-675. 

119. Kramer WL, Mulla MS (1979) Oviposition attractants and repellents of mosquitoes: 

oviposition responses of Culex  mosquitoes to organic infusions. Environ Entomol 8: 

1111-1117. 

120. R Core Team (2013) R: A language and environment for statistical computing. R 

Foundation for Statistical Computing, Vienna, Austria ISBN 3-900051-07-0, URL 

http://www.R-project.org/. 

121. Sant'ana AL, Roque RA, Eiras AE (2006) Characteristics of grass infusions as 

oviposition attractants to Aedes (Stegomyia) (Diptera: Culicidae). J Med Entomol 43: 

214-220. 

122. Geier M, Bosch OJ, Boeckh J (1999) Influence of odour plume structure on upwind 

flight of mosquitoes towards hosts. J Exp Biol 202: 1639-1648. 

123. Bosch OJ, Geier M, Boeckh J (2000) Contribution of fatty acids to olfactory host finding 

of female Aedes aegypti. Chem Senses 25: 323-330. 

http://www.r-project.org/


134 
 

124. Allan SA, Bernier UR, Kline DL (2006) Laboratory evaluation of avian odors for 

mosquito (Diptera: Culicidae) attraction. J Med Entomol 43: 225-231. 

125. Syed Z, Leal WS (2008) Mosquitoes smell and avoid the insect repellent DEET. Proc 

Natl Acad Sci USA 105: 13598-13603. 

126. Dube FF, Tadesse K, Birgersson G, Seyoum E, Tekie H, et al. (2011) Fresh, dried or 

smoked? Repellent properties of volatiles emitted from ethnomedicinal plant leaves 

against malaria and yellow fever vectors in Ethiopia. Malar J 10: 375. 

127. Rao SS, Rao KM (1991) Insect repellent N,N-diethylphenylacetamide: an update. J Med 

Entomol 28: 303-306. 

128. Mittal PK, Sreehari U, Razdan RK, Dash AP, Ansari MA (2011) Efficacy of Advanced 

Odomos repellent cream (N, N-diethyl-benzamide) against mosquito vectors. Indian J 

Med Res 133: 426-430. 

129. Frances SP, Rigby LM, Chow WK (2014) Comparative laboratory and field evaluation 

of repellent formulations containing Deet and lemon eucalyptus oil against 

mosquitoes in Queensland, Australia. J Am Mosq Control Assoc 30: 65-67. 

130. Qualls WA, Xue R-D, Holt JA, Smith ML, Moeller JJ (2011) Field evaluation of 

commercial repellents against the floodwater mosquito Psorophora columbiae 

(Diptera: Culicidae) in St. Johns county, Florida. J Med Entomol 48: 1247-1249. 

131. Murlis J, Elkinton JS, Cardé RT (1992) Odor plumes and how insects use them. Annu 

Rev Entomol 37: 505-532. 

132. Szyszka P, Stierle JS, Biergans S, Galizia CG (2012) The speed of smell: odor-object 

segregation within milliseconds. PLoS One 7: e36096. 

133. Klowden MJ, Lea AO (1979) Humoral inhibition of host-seeking in Aedes aegypti 

during oöcyte maturation. J Insect Physiol 25: 231-235. 



135 
 

134. Davis EE (1984) Regulation of sensitivity in the peripheral chemoreceptor systems for 

host-seeking behaviour by a haemolymph-borne factor in Aedes aegypti. J Insect 

Physiol 30: 179-183. 

135. Takken W, Van Loon JJA, Adam W (2001) Inhibition of host-seeking response and 

olfactory responsiveness in Anopheles gambiae following blood feeding. J Insect 

Physiol 47: 303-310. 

136. Fox AN, Pitts RJ, Robertson HM, Carlson JR, Zwiebel LJ (2001) Candidate odorant 

receptors from the malaria vector mosquito Anopheles gambiae and evidence of 

down-regulation in response to blood feeding. Proc Natl Acad Sci USA 98: 14693-

14697. 

137. Hansson BS (1995) Olfaction in Lepidoptera. Experientia 51: 1003–1027. 

138. Ignell R, Dekker T, Ghaninia M, Hansson BS (2005) Neuronal architecture of the 

mosquito deutocerebrum. J Comp Neurol 493: 207-240. 

139. Steib BM, Geier M, Boeckh J (2001) The effect of lactic acid on odour-related host 

preference of yellow fever mosquitoes. Chem Senses 26: 523-528. 

140. Silbering AF, Galizia CG (2007) Processing of odor mixtures in the Drosophila antennal 

lobe reveals both global inhibition and glomerulus-specific interactions. J Neurosci 

27: 11966-11977. 

141. Berthold MR, Cebron N, Dill F, Gabriel TR, Kötter T, et al. (2008) KNIME: The 

Konstanz Information Miner. In: Preisach C, Burkhardt H, Schmidt-Thieme L, 

Decker R, editors. Data Analysis, Machine Learning and Applications: Springer 

Berlin Heidelberg. pp. 319-326. 

142. Strauch M, Rein J, Lutz C, Galizia CG (2013) Signal extraction from movies of 

honeybee brain activity: the ImageBee plugin for KNIME. BMC Bioinformatics 14: 

S4. 



136 
 

143. Tully T, Cambiazo V, Kruse L (1994) Memory through metamorphosis in normal and 

mutant Drosophila. J Neurosci 14: 68-74. 

144. Wyatt TD (2010) Pheromones and signature mixtures: defining species-wide signals and 

variable cues for identity in both invertebrates and vertebrates. J Comp Physiol, A 

196: 685-700. 

145. Artis ML, Huestis DL, Lehmann T (2014) The effects of oviposition-site deprivation on 

longevity and bloodfeeding rate in Anopheles gambiae. Parasites & Vectors 7: 163. 



137 
 

Acknowledgments 

 

 

I would like to thank all people who helped me while conducting this study. 

I would first like to thank my supervisor Giovanni Galizia for his continuous support through 

the time of my PhD. 

I would like to thank Martin Geier, Umma Salma Jhumur, Christoph Kleineidam, Paul 

Szyszka, in addition to all members of my lab for their suggestions concerning the 

experimental design. 

I would also like to thank Martin Strauch for his suggestions concerning the data analysis of 

the calcium imaging data. I also thank Daniel Münch and Alja Lüdke for their help in 

translating the summary of this thesis into German. 

Thanks to Christine Dittrich and Dietrich Ruhrmann for their support on the technical issues. 

I would like to thank the International Max Planck Research School (IMPRS) for Organismal 

Biology, the German Research Foundation (DFG), and the University of Konstanz for 

funding this study. 

And finally, special thanks to my family and friends for their personal support. 



138 
 

Record of achievement 

Abgrenzung der Eigenleistung 

 

 

All chapters were written by me with the help of my supervisor Giovanni Galizia. 

Chapter 1: 

I made the literature review and drafted the manuscript. Giovanni Galizia guided the 

literature review and helped to draft the manuscript. 

Chapter 2: 

I participated in the design of the study, carried out the experiment, performed the statistical 

analysis, and drafted the manuscript. Giovanni Galizia participated in the design of the study, 

participated in the statistical analysis, and helped to draft the manuscript. 

Chapter 3: 

I participated in the design of the study, carried out a part of the orientation experiments and 

all oviposition experiments, performed the statistical analysis, and drafted the manuscript. 

Bérénice Horlacher and Johannes Roller participated in the design of the study, carried out a 

part of the orientation experiments and approved the manuscript draft. Giovanni Galizia 

participated in the design of the study, participated in the statistical analysis, and helped to 

draft the manuscript. 

Chapter 4: 

I participated in the design of the study, carried out a part of the imaging experiments and all 

orientation and oviposition experiments, performed the statistical analysis, and drafted the 

manuscript. Umma Salma Jhumur participated in the design of the study and carried out most 



139 
 

of the imaging experiments. Giovanni Galizia participated in the design of the study, 

participated in the statistical analysis, and helped to draft the manuscript. 

Chapter 5: 

I participated in the design of the study, carried out the experiments, performed the statistical 

analysis, and drafted the manuscript. Giovanni Galizia participated in the design of the study, 

participated in the statistical analysis, and helped to draft the manuscript. 


	Text1: Konstanzer Online-Publikations-System (KOPS)URL: http://nbn-resolving.de/urn:nbn:de:bsz:352-289434


