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Abstract

This chapter reviews the current understanding of odour-mediated host-seeking behaviour in
mosquitoes based on laboratory (indoor) studies. Most recent studies have focused on Aedes
aegypti L., Anopheles gambiae sensu stricto Giles and Culex quinquefasciatus Say, as these species
are all strongly associated with human biting and disease transmission. Where relevant, reference
to other mosquito species is provided. Host seeking in mosquitoes is mediated primarily by
chemical cues, and therefore most studies focus on the response to host odours and identification
of specific compounds or odour blends. Laboratory tools for the study of odour-mediated
behaviour include Y-tube and dual-choice (or dual-port) olfactometers, wind tunnels and room-
size arenas in which mosquitoes can fly freely. Mosquitoes are observed individually or in groups,
usually at a specified age or range of ages, at a pre-determined time of the day when they are
considered to be naturally responsive to host cues. Aedes aegypti and An. gambiae respond
strongly to natural human skin emanations, whereas Cx. quinquefasciatus shows variation in this
behaviour dependent on its geographic origin. Carbon dioxide acts as a principal stimulus for
each of these mosquito species although with a variable species-specific effect. Several host-
derived compounds have been identified that cause behavioural responses in these mosquito
species, including ammonia, L(+)-lactic acid and aliphatic carboxylic acids. In addition, acetone
and dimethyl disulfide enhance the attraction of blends of these compounds to Ae. aegypti. Some
other ketones, such as 6-methyl-5-hepten-2-one and geranyl acetone disrupt the host-seeking
process of Ae. aegypti and An. gambiae. Several aldehydes, such as octanal and nonanal, are
attractive to Cx. quinquefasciatus, and reduce upwind flight and the total number of landings in
Ae. aegypti. Based on these data odour blends have been identified that are attractive to these
mosquito species, albeit less so than natural human odour, indicating that additional, hitherto
unidentified, semiochemicals are involved in host-seeking behaviour that are likely to improve the
efficacy of blends. Behavioural research combined with studies on molecular olfaction is ongoing
to discover compounds that affect the host-seeking process, and further research under semi-field
and field conditions is required to explore the effectiveness of putative attractants and repellents
in natural circumstances.
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Introduction

Some species of mosquitoes are vectors of pathogens that give rise to several important infectious
diseases of humans and animals. Several of these diseases thrive in tropical climates, where the
abundance of vectors, aided by favourable environmental conditions, allows for high levels of
transmission. Approximately half of the world’s population, especially in less developed countries,
are at risk (Jones et al. 2008, WHO 2008, 2009). Although new progress has recently been made
in the prevention and control of vector-borne diseases, current methods appear insufficient
to prevent many cases of illnesses and deaths due to various factors (e.g. societal, economical,
political, mosquito and parasite resistance) (Greenwood et al. 2008, Morrison et al. 2008, Takken
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and Knols 2009). In addition, the recent expansion of vector-borne diseases into more temperate,
industrialised countries, such as the occurrence of West Nile virus and Chikungunya in the USA
and Europe, respectively (Gould 2003, Gould and Fikrig 2004, Takken and Knols 2007, Vazeille et
al. 2008), demonstrate the need for further development and implementation of measures to
protect people at risk (e.g. with bednets, vaccines) and to control mosquito vectors (e.g. with
insecticides, biological control agents, treated surface and materials, the sterile insect technique,
monitoring tools).

In tropical areas, An. gambiae sensu stricto (hereafter termed An. gambiae), Ae. aegypti and Cx.
quinquefasciatus are medicallyimportant mosquito vectors of infectious pathogens such as malaria,
dengue and bancroftian filariasis, respectively (Cook 1996). The females of these mosquito species
are considered to be anthropophilic (Takken and Knols 1999) and often live in close association
with humans. Since host seeking by mosquitoes is mainly mediated by olfactory stimuli (Takken
1991, Takken and Knols 1999), it is likely that the odour complex of the blood-host contains host-
specific and non-host-specific chemicals to which these mosquito species respond (Gillies 1988).
It is important to note that the semiochemicals involved in the attraction of mosquitoes to hosts
may include both repellents and attractants, and the effects of some chemicals are likely to be
dose-dependent. Once these semiochemicals have been identified, it is expected that they can be
incorporated into technologies that can be used to trap, kill or repel mosquitoes (Cook et al. 2007,
Day and Sjogren 1994, Hassanali et al. 2008, Kline 2006, 2007, Logan and Birkett 2007, Takken and
Knols 2009) as has been successfully demonstrated for tsetse flies (see Chapter 12, this volume;
also see Chapter 17, this volume). Ultimately, some of these products may improve or even replace
current control technologies or sampling tools in epidemiological studies of mosquito-borne
diseases. Improvement of present methods could be achieved by adding an odour bait to an
existing mosquito trap, by replacing a bait with a better performing one, or by combining a newly
developed odour trap with current mosquito control tools.

Crumb (1922) was the first to describe the role of host-derived semiochemicals in mosquito
behaviour. In addition, Rudolfs (1922) and Van Thiel (1937) discovered the unique and important
role of carbon dioxide (CO,) (see review of Mboera and Takken 1997). Since then many mosquito
attractants have been discovered, but there is little evidence to explain how these compounds act
as olfactory mediators of behaviour and none are as attractive as natural odour blends (Bernier et
al. 2007, Bosch et al. 2000, Bowen 1991, Okumu et al. 2010, Spitzen et al. 2008, Smallegange et al.
in press, Takken and Knols 1999). Only a few odorants are used as baits for mosquito surveillance
or control, in contrast to the extensive use of host-derived baits for other insects of medical or
veterinary importance (e.g. tsetse flies, screwworm, biting midges, triatomine bugs) (Cork and Hall
2007, Cruz-Lopezetal. 2001, Logan and Birkett 2007, Qiu et al. 2007b, Vale 1993, see also Chapters
10 and 12 of this volume).

Since the review of Takken and Knols (1999), which summarised our knowledge on the role of
semiochemicals in the life history of African malaria mosquitoes at the close of the last century,
new techniques and relevant information have become available. In this chapter, we describe
recent results of laboratory studies on the identification of semiochemicals that play a role in
the host-seeking behaviour of mosquitoes, with emphasis on An. gambiae, Ae. aegypti and Cx.
quinquefasciatus, the species that have been studied in most detail over the last decade. It is not
the purpose of this chapter to go into details of each step involved in the host-seeking process
(Takken 1996, see also Chapter 1 of this volume) or of the strategies employed by mosquitoes
to find distant odour sources (the latter has recently been reviewed by Cardé and Willis (2008)
for insects in general). Instead, we will provide an overview of the individual chemicals and
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synthetic odour blends that have been tested for their possible effect on the behaviour of
host-seeking mosquitoes. We also briefly describe methods and bioassays deployed to identify
candidate semiochemicals. Subsequently, we will discuss problems and knowledge gaps that are
encountered in this research area. Studies on anopheline host-seeking behaviour performed in
semi-field and field situations are discussed in Chapter 8 (this volume).

Identification of candidate semiochemicals

Anopheles gambiae and Ae. aegypti are considered to be highly anthropophilic mosquito species,
i.e. the females express a preference for biting humans to get their blood meal (Gillies 1964,
Harrington 2001, Takken and Knols 1999, White 1974). Several hundred volatile compounds
emitted by humans have been identified, especially in the last twenty years (Bernier et al. 1999,
2000, 2002, Cork and Park 1996, Curran et al. 2005, 2007, Deng et al. 2004, Ellin et al. 1974,
Gallagher et al. 2008, Hasegawa et al. 2004, Haze et al. 2001, Healy and Copland 2000, Healy et al.
2002, Krotoszynski et al. 1997, Meijerink et al. 2000, Natsch et al. 2006, Penn et al. 2007, Perry et
al. 1970, Philips 1997, Zeng et al. 1991, 1996). It is assumed that the host-seeking behaviour of
mosquitoes is mediated by a blend of specific compounds, and not by the complete assemblage
of compounds present in host odour (Zwiebel and Takken 2004). Theoretically, knowledge about
the compounds present in the human odour profile can be used to test which compounds play
a role in the host-seeking behaviour of anthropophilic mosquito species. However, testing the
behavioural effect of each compound in different concentrations and in all possible combinations
is not practical because of the large number of compounds present in human emanations (Bernier
et al. 2000, Curran et al. 2005, Penn et al. 2007, Philips 1997). Here we outline some techniques
that can be used to narrow down the selection of candidate compounds (Logan and Birkett 2007,
Smallegange et al. 2003, Van der Goes van Naters and Carlson 2006).

It has been shown that some persons are bitten by mosquitoes more often than others (Curtis
1986, Lindsay et al. 1993, Scott et al. 2006). This may be the result of a differential attractiveness of
the body odours of human individuals to mosquitoes (Bernier et al. 2002, Knols et al. 1995, Logan
et al. 2008, Lindsay et al. 1993, Mukabana et al. 2002, Qiu et al. 2004a, 2006a, Schreck et al. 1990).
Comparing the odour profiles of highly and poorly attractive individuals can reveal compounds
that play a role in host selection. Gas-chromatography (GC) and mass-spectrometry (MS) are
used to study the differences in the odour profiles of individuals and to identify the compounds
involved (Bernier et al. 1999, 2000, 2002, Logan et al. 2008). These differences may be qualitative
and/or quantitative, which makes it difficult to identify the compounds involved in host selection.
The discovery that human skin emanations collected on glass beads lose their attractiveness
after a certain period of time suggests that volatile compounds decreasing in relative abundance
during this period play a role in the attractiveness of the emanations (Bernier et al. 2000, 2002, Qiu
et al. 2004a, Schreck et al. 1981, Smallegange et al. 2003). Comparing odour profiles of differential
attractive individuals resulted in weak attractants and putative repellents for Ae. aegypti (Bernier
etal. 2002, Logan et al. 2008).

Skin microbiota plays a role in the production of human body odour (Leyden et al. 1981, Shelley et
al. 1953). Blood agar incubated with microbiota from human feet or Staphylococcus epidermidis, a
bacteria species commonly found on human skin, is attractive to An. gambiae. Identifying volatile
compounds produced by microorganisms present on human skin revealed 10 putative attractants
for this mosquito species (Verhulst et al. 2009).
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Although not a new technology we should add here that, in addition to identifying volatile
organic compounds emanating from the human skin and comparing odour profiles of individuals,
electrophysiological methods, such as electroantennography (EAG) and single sensillum recording
(SSR) techniques, either without or in combination with GC and MS, can be applied to identify
which compounds in the human odour profile stimulate the olfactory sensilla on mosquito
antennae or maxillary palps (see Chapter 3 in this volume for more details, as well as Logan et al.
2008, Lu et al. 2007, Qiu et al. 2004b). Ultimately, the effects of odours on mosquitoes must be
investigated directly, with behavioural assays. The sensory systems of a mosquito may be able to
detect a volatile compound, but this does not necessarily mean that a motor response is triggered,
or that the response is necessarily related to the behaviour under investigation. Behavioural
observations are required to establish the mechanisms by which odorants guide mosquitoes to
a host, e.g. they may act as attractants, repellents, activators or arrestants (Costantini et al. 2001,
Logan et al. 2008, Mukabana et al. 2004).

The publication of the full gene sequence of An. gambiae (Holt et al. 2002) and Ae. aegypti
(Nene et al. 2007) has enabled rapid progress in molecular genetics. The sequencing of the Cx.
quinquefasciatus genome has almost been completed (Pelletier and Leal 2009, Waterhouse et al.
2008). A large family of olfactory receptor genes (ORs) and gustatory receptor genes (GRs) has
been identified (Van der Goes van Naters and Carlson 2006). These genes play a crucial role in the
binding of olfactory molecules to neural membranes (see Chapter 2, this volume). The molecular
regulation of olfaction appears highly conserved in the animal kingdom, although the OR and GR
families are highly specific to species (Robertson and Wanner 2006). This would explain why some
insects express a highly selective host preference, as found in An. gambiae and Ae. aegypti. Work
on the molecular regulation of olfaction in Drosophila and Xenopus has elucidated the processes
by which small molecules control physiological activity in insects (Hallem et al. 2006, Rutzler and
Zwiebel 2005). This knowledge is currently being used for the identification of semiochemicals
to which mosquitoes respond (Carey et al. 2010, Hallem et al. 2004, Justice et al. 2003, Leal et al.
2008, Wang et al. in press and Chapter 2, this volume).

Combined with powerful electrophysiological techniques (Chapter 3, this volume), molecular
genetics can provide new insights into the olfactory behaviour of mosquitoes and can be used
as a tool for the rapid identification of candidate semiochemicals. Behavioural studies, however,
remain essential for the final assessment of the role of these chemicals in the insect’s life-history.
The olfactory receptor neurons may be able to detect certain chemical stimuli, the brain will
associate them with a specific behavioural response (Klowden 1995, see also De Bruyne and Baker
2008).

Similar strategies are used to discover olfactory cues that affect mosquitoes with more variable
host preferences, such as Cx. quinquefasciatus. The host-preference of Cx. quinquefasciatus appears
to be region-dependent, as the following examples illustrate. Field experiments in Tanzania
showed that more Cx. quinquefasciatus were caught in human-odour baited traps than in traps
baited with goat or calf odour (Mboera and Takken 1999). By contrast, blood meal analyses have
shown that in Kenya this species has a preference for livestock over human hosts (Muturi et al.
2008). In a study in Tucson, USA, blood meal analysis revealed that 50% of Cx. quinquefasciatus
females fed on humans and 32% on birds, respectively (and therefore this species is considered
to be a potential West Nile virus vector; Zinser et al. 2004), whereas in Tenessee, USA, and Mexico
they were found to feed less on humans than on birds (Eilizondo-Quiroga et al. 2006, Savage et al.
2007). In addition, a greater percentage of Cx. quinquefasciatus females, from a colony originating
in Florida, USA, responded to chicken than to human odour in an olfactometer study (Allan et al.
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2006b). These latter results indicate that in the USA Cx. quinquefasciatus is less anthropophilic and
more ornithophilic than in Tanzania. Similarly, in Senegal and Madagascar An. gambiae populations
were found to feed predominantly on cattle (Diatta et al. 1998, Duchemin et al. 2001). In addition,
Ae. aegypti responds not only to human odour, but also to mouse and chicken odour (Allan et al.
2006b, McCall et al. 1996, Mclver 1968), suggesting that this species is actually an opportunistic
feeder. The reliability of results obtained in host preference studies, however, depends on the
method used (field and laboratory), the geographic area covered (field) or geographic origin
of the mosquitoes (laboratory) and the availability of host species (field and laboratory), which
demands for caution in using labels such as‘anthropophilic’and to confine research to analysing
only human odours (Kilpatrick et al. 2006, Lefévre et al. 2009, Torr et al. 2008).

A wider host-range broadens the search for volatile organic compounds mediating host-seeking
behaviour. Overlap in odour profiles of different blood-host species of a mosquito species, such
as human and chicken, may reveal attractive compounds such as nonanal (Syed and Leal 2009).
However, differences in these odour profiles may explain differences in relative attraction to these
hosts due to allomones or additional kairomones (Dicke and Sabelis 1988) emitted by the host.

Compounds present in bovine emanations have been thoroughly examined in relation to the
development of surveillance and control tools for tsetse, cattle and stable flies using the techniques
described above and have been published (e.g. Birkett et al. 2004, Bursell et al. 1988, Schofield
and Brady 1997, Schofield et al. 1995, 1997, Spinhirne et al. 2003, 2004, Torr et al. 1995, Vale 1980,
Vale and Hall 1985a,b, Vale et al. 1988 and Chapter 12, this volume). Also, several compounds
emitted by chickens have been identified, for example by solvent extraction and volatile trapping
of faeces, feathers, feet or skin, and include alcohols, aldehydes, carboxylic acids, diones and
ketones (Bernier et al. 2008, Cooperband et al. 2008, Haathi and Fales 1967, Williams et al. 2003).

Although in nature mosquitoes do not feed on blood directly, females of both Cx. quinquefasciatus
and Ae. aegypti were found to be attracted to the odour of bovine and avian blood. Culex females
landed more on membranes filled with avian than with bovine blood, whereas Aedes mosquitoes
showed no landing preference (Allan et al. 2006a). The volatile chemicals emanating from blood
have been identified (Ashley et al. 1992, Issachar et al. 1982, Sastry et al. 1980) but few of these
have been tested for their effects on mosquitoes in the laboratory, although components found in
exhaled breath and skin emanations may be similar to those present in blood (Sastry et al. 1980).

An initial screening of compounds for their effect on the host-seeking behaviour of mosquitoes in
a laboratory before testing them under field conditions has the advantage that the environmental
circumstances during the bioassays and physiological state (e.g.age, time since sugar or bloodmeal,
stage in gonotrophic cycle) of the mosquitoes can be controlled during the experiments. Before
the results of a bioassay are put into practical use, they should first be validated in semi-field
and/or field experiments (Knols et al. 2002, see also Chapter 8 in this volume). (Semi-)field studies
provide information about the effects of natural temperature, humidity, wind, the presence of
competitive odours, etc. on the responses to odours, and can be used to test the effectiveness of
an odour bait over larger distances than can be tested in the laboratory (Njiru et al. 2006, Okumu
et al. 2010, Williams et al. 2006a). Field evaluations can also reveal simultaneously whether other
vectors are attracted or repelled by the odour compounds tested (Jawara et al. 2009, Qiu et al.
2007a).
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Bioassay techniques in the laboratory

In the laboratory, host-seeking behaviour in response to odour can be evaluated by observing
individual insects. This can be done by direct observation (human landing catches) in a cage (De
Jong and Knols 1995, Dekker et al. 1998, Knols et al. 1994a) or wind tunnel (Takken et al. 1997) or
by video recording (Beeuwkes et al. 2008, Cooperband and Cardé 2006, Dekker et al. 2005, Healy
and Copland 1995, Young et al. 1993).

Y-tube and dual-port (or dual-choice) olfactometers are used to assess the response of mosquitoes
to a choice between an odour and clean air or two different odours (Geier and Boeckh 1999,
Knols et al. 1994b, Posey et al. 1998). Y-tube olfactometers (Figure 1A) are conveniently small
devices for rapid screening of odours. Aedes aegypti in particular responds well in Y-tubes (Geier
and Boeckh 1999, Logan et al. 2008). Dual-port olfactometers (Figure 1B) are more suitable for
mosquito species that perform better in larger arenas, such as An. gambiae (Knols et al. 1994b).

Mosquito responses to odours can also be studied in large indoor cages, for instance inside a
bednet or a closed room. These tools have been used for studies on the selection of biting sites
on volunteers (De Jong and Knols 1995, Dekker et al. 1998, Knols et al. 1994a) and for studies with
insect repellents (Curtis and Hill 1988). By placing mosquito traps in indoor cages (Figure 1C), the
effect of different odorants on trapping efficacy can be investigated (Silva et al. 2005, Smallegange
etal. 2009).

Several methods have been developed for testing putative repellents. The most commonly used
methods to test putative repellents for employment directly on the human skin have recently
been reviewed by Barnard et al. (2007). Various types of olfactometers have been used to test
compounds for their efficacy as spatial repellents (Bernier et al. 2005, Dogan and Rossignol 1999,
Grieco et al. 2005, Kline et al. 2003, Logan et al. 2008, Waka et al. 2006).

Laboratory-based studies have been done with individual mosquitoes or with groups of up to
50 mosquitoes per test. In wind tunnels, experiments are usually done with one insect at a time
(Healy and Copland 1995, Takken et al. 1997), whereas in olfactometers most studies are based on
the results of groups of 15 to 50 insects. Because of the possibility of learning (Alonso and Schuck-
Paim 2006, McCall and Eaton 2001, Tomberlin et al. 2006), individual mosquitoes should not be
tested more than once, and each test should be performed with naive insects.

Effects of physiology on behaviour

It should be taken into account that the host-seeking process of mosquitoes includes different
phases. After an inactive period during which reproductive maturation (Lehane 1991) and
development of the antennal sensitivity takes place (Davis 1984), female activity increases
(influenced by circadian rhythm; see Klowden 1996). This increase makes it more likely for the
females to encounter host-derived stimuli. Activation takes place as soon as these stimuli have
been detected. This phase is followed by the orientation process that will bring the mosquitoes
in the immediate vicinity of the host. As soon as the host has been located, the female will land
and start blood feeding (Takken 1996). The mosquitoes will respond to different stimuli, among
which olfactory, within each phase. Therefore, the choice for a certain bioassay may influence
the discovery of semiochemicals that play a role in a specific phase of the mosquito host-seeking
process.
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Figure 1. Schematic drawings of (A) an Y-tube olfactometer (from Geier et al. 1999a), (B) a dual-port olfactometer
(modified after Spitzen et al. 2008) and (C) two MM-X traps in an indoor netted cage.
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Olfactory cues are important external factors affecting host-seeking behaviour from a distance,
whereas visual and physical cues, such as heat and moisture, play a role in close vicinity of
the blood-host (Takken and Knols 1999). However, even when host-stimuli are present, host-
seeking behaviour may not be expressed as a result of endogenous, physiological factors. These
physiological factors include the circadian rhythm, age, nutritional state, mating condition, and
presence of eggs, and should be considered in any study on insect behaviour (Klowden 1995,
1996).

Aedes aegypti is a diurnal mosquito and its host-seeking behaviour should therefore be studied
during daytime under illuminated conditions (Geier and Boeckh 1999, Klowden 1995). Both An.
gambiae and Cx. quinquefasciatus are nocturnal. Biting activity of the latter species was observed
throughout the night (Chandra 1995), allowing olfactometer experiments during the scotophase
(Mboera et al. 1998). Puri et al. (2006), however, observed that the mosquitoes were most active
during a period of one hour after dusk, and therefore performed experiments in dim light during
this short period of time only. Experiments examining the host-seeking behaviour of An. gambiae
are usually performed, in the dark or under moonlight conditions (Knols et al. 1994b), during the
last 4 hours of the scotophase, when this species has frequently been reported to be naturally
active (Haddow and Ssenkubuge 1973, Killeen et al. 2006, Maxwell et al. 1998). Shifts in timing
of host-seeking activity, however, have occasionally been observed, chiefly because of vector-
control interventions (Braimah et al. 2005).

Host-seeking behaviour of Ae. aegypti increases from no response to host cues directly after
adult emergence to more than 90% of the females responding to host-odours 102 hours post
emergence (Davis 1984). Therefore, the best results can be obtained with females of 4-days-old
or older. Generally, adults are tested within a specified range of ages, which varies overall from
3-10 days, to control for the effects of aging.

A blood meal changes the mosquito’s physiology and behaviour, by affecting the sensitivity of
the olfactory receptor organs (Davis 1984, Qiu et al. 2006b, see also Chapter 3 in this volume).
After a full blood meal, An. gambiae is no longer attracted to host stimuli for 24 hours, with host-
seeking behaviour returning to pre-blood meal levels 72 hours post feeding (Takken et al. 2001).
In mated Ae. aegypti, the inhibition begins 30 hours after ingestion of the blood and reaches its
maximum between 36 and 72 hours post feeding. The inhibition is less pronounced in unmated
Ae. aegypti females (Klowden and Lea 1979). Nutritional status also affects the intensity of the
inhibition (Klowden 1986). Test insects may be starved for up to 18 hours prior to testing. This can
be done by replacing the carbohydrate food source with water before the experiment. Infection
with pathogens/parasites may alter the host-seeking behaviour as well (Hurd 2003, Schaub 2006).

Bioassay results with semiochemicals in laboratory studies

In this section an overview is given of semiochemicals identified to play a role in the host-seeking
process of Ae. aegypti, An. gambiae, Cx. quinquefasciatus, and some other mosquito species.
The compounds, the bioassay in which they were tested and the effect that has been found are
summarised in Tables 1-3. As some bioassays cannot differentiate between an inhibitory and a
repellent effect, both terms are used interchangeably. Although, as Kennedy (1978) pointed out,
this term does not reveal the many processes and underlying mechanisms involved, we use the
term ‘attractant’ to refer to a chemical or blend that has been found to induce mosquitoes to
orientate towards the odour source.
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Aedes aegypti

A human hand as the odour source stimulates Ae. aegypti females to fly upwind in a Y-tube
olfactometer. A similar result was achieved by using high doses of heated or unheated ethanol
skin extracts (Geier and Boeckh 1999, Geier et al. 1996). Liquid chromatography of the skin extract
revealed active fractions of which one contained lactic acid and another probably ammonia (Geier
etal. 1996, 1999a).

In humans, L-(+)-lactic acid (hereafter lactic acid) is present in breath and on the skin. Human skin
rubbing extracts contain lactic acid in significantly higher quantities than skin extracts of 12 other
mammals and chickens (Dekker et al. 2002) and have, presumably for that reason, received specific
attention as a kairomone for anthropophilic mosquitoes. More interestingly, lactic acid was found
in higher amounts on glass beads that were handled by individuals that were more attractive to
Ae. aegypti than individuals with lower amounts of the compound in their skin emanations. From
numerous studies it was shown that lactic acid plays a major role in the host-seeking behaviour of
Ae. aegypti (Table 1) (Acree et al. 1968, Bernier et al. 2002, Eiras and Jepson 1991, Geier et al. 1996,
Smith et al. 1970). Lactic acid is a weak attractant on its own but acts synergistically with carbon
dioxide (CO,), a major component of exhaled breath, and other volatiles emanating from human
skin (Acree et al. 1968, Allan et al. 2006a, Bernier et al. 2002, Bosch et al. 2000, Eiras and Jepson
1991, Geier and Boeckh 1999, Geier et al. 1996, 1999a,b, Smith et al. 1970, Williams et al. 2006a). An
ethanol extract of human skin was no longer attractive to Ae. aegypti females, presumably because
the lactic acid had been removed from the extract (Geier et al. 1996).

Carbon dioxide on its own is an activator and weak attractant for Ae. aegypti, increasing take-off,
flight velocity and flight duration, although homogeneous CO, plumes decrease upwind flight
and trap catches (Allan et al. 2006b, Bernier et al. 2007, Bosch et al. 2000, Dekker et al. 2001b, 2005,
Eiras and Jepson 1991, Geier and Boeckh 1999, Geier et al. 1999a,b, Kline et al. 2006). An encounter
with a single CO, filament increases the responsiveness to human skin odours (Dekker et al. 2005).

The presence of carboxylic acids on the skin is unique to humans compared to other mammals,
birds and rodents (Nicolaides et al. 1968). Saturated aliphatic carboxylic acids with chain length
C1-C3, C5-C8, and C13-C18 were found to increase the attractiveness of lactic acid at certain
doses to Ae. aegypti females. The attractiveness increased even further when a second carboxylic
acid was added, as long as one is a short chain (C1-3) and the other a medium length (C5-8)
carboxylic acid. Nonanoic and undecanoic acid reduced the effect of lactic acid, whereas butanoic,
decanoic and dodecanoic acid had no effect (Bosch et al. 2000). Acetic acid on its own was found
to be attractive to host-seeking Ae. aegypti females and to elicit a landing response. Several other
carboxylic acids, including two aromatics, induced landing responses (Table 1) (Allan et al. 2006a).
In contrast, hexanoic acid reduced the number of landings (Douglas et al. 2005), probably due
to the high doses used. Propanoic, butanoic, 3-methylbutanoic, pentanoic, heptanoic, decanoic,
dodecanoic, tetradecanoic, pentadecanoic, hexadecanoic, heptadecanoic, and octadecanoic acid
did not attract Ae. aegypti females, even though some of these acids were present at higher levels
in the skin emanations of highly attractive persons (Allan et al. 2006a, Bernier et al. 2002, Bosch
et al. 2000). Propanoic and pentanoic acid did not influence the attractiveness of CO, (Bosch et
al. 2000).

Ammonia was also found to enhance the attractiveness of lactic acid, although it is not attractive

on its own or in combination with CO, (Geier etal. 1999a). Propanoic and pentanoic acid enhanced
the effect of a lactic acid and ammonia blend. A blend of ammonia, lactic acid, and two carboxylic
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Table 1. Overview of chemical compounds that have been tested for their impact on the host-seeking behaviour
of Aedes aegypti using behavioural assays in the laboratory. (Details about concentrations of compounds are

omitted).

Compound Response Behavioural assay Reference
carbon dioxide (CO,) (Weakly) attractive on its own; Wind tunnel Eiras and Jepson (1991)
flight activating effect; synergism ~ Wind tunnel tube Geier et al. (1999a)
with lactic acid but notammonia  Y-tube Geier et al. (1999b)
Y-tube Geier and Boeckh (1999)
Y-tube Bosch et al. (2000)

ammonia (NH;)

Homogeneous CO, reduced trap
catch

Sensitizes to skin odours

Not attractive on its own
Enhanced the effect of lactic acid
NH,+hexanoic acid improved
blend of lactic acid + acetone +
dimethyl disulfide

Dual-port olfactometer
Dual-port olfactometer
Dual-port olfactometer
Dual-port olfactometer

Wind tunnel (3D)
Y-tube
Y-tube

Allan et al. (2006b)
Kline et al. (2006)
Bernier et al. (2007)
Dekker et al. (2001b)

Dekker et al. (2005)
Geier et al. (1999b)
Williams et al. (2006a)

Alcohols
4-hexen-1-ol Not attractive on its own Dual-port olfactometer Bernier et al. (2002)
1-hepten-3-ol Not attractive on its own Dual-port olfactometer Bernier et al. (2002)
glycerol Not attractive on its own Dual-port olfactometer Bernier et al. (2002)
Aldehydes
hexanal Reduced the number of landings  Landing assay Douglas et al. (2005)
heptanal Not attractive on its own Dual-port olfactometer Bernier et al. (2002)
octanal Reduced the number of landings  Landing assay Douglas et al. (2005)
Reduced upwind flight Y-tube Logan et al. (2008)
nonanal Not attractive Dual-port olfactometer Bernier et al. (2002)
Reduction of upwind flight Y-tube Logan et al. (2008)
decanal Reduced upwind flight Y-tube Logan et al. (2008)
z-4-decanal Reduced the number of landings  Landing assay Douglas et al. (2005)

Aliphatic carboxylic acids

lactic acid (LA)

methanoic acid

Weakly attractive on its own;
Synergism with CO, and other skin

Dual-port olfactometer
Dual-port olfactometer

Acree et al. (1968)
Smith et al. (1970)

components Wind tunnel Eiras and Jepson (1991)
Y-tube Geier etal. (1996)
Y-tube Geier and Boeck (1999)
Wind tunnel tube Geier et al. (1999a)
Y-tube Geier et al. (1999b)
Y-tube Bosch et al. (2000)

Induced landing response
Enhanced the effect of LA

Dual-port olfactometer
Y-tube

Dual-port olfactometer
Landing assay

Y-tube

Bernier et al. (2002)
Williams et al. (2006a)
Allan et al. (2006a)
Allan et al. (2006a)
Bosch et al. (2000)
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Table 1. Continued

7. Host-seeking behaviour of mosquitoes: responses to olfactory stimuli in the laboratory

Compound

acetic acid

propanoic acid

butanoic acid

Response

Enhanced the effect of LA
Attractive on its own
Induced landing response
Not attractive on its own

Enhanced the effect of LA
Enhanced the effect of LA + NH,
No landing response

No effect on attractiveness of LA
Not attractive on its own
Induced landing response

3-methyl butanoic acid Not attractive on its own

pentanoic acid

hexanoic acid

heptanoic acid

octanoic acid
nonanoic acid
decanoic acid

undecanoic acid
dodecanoic acid

tridecanoic acid
tetradecanoic acid
pentadecanoic acid

hexadecanoic acid

Induced landing response

Not attractive on its own
Enhanced the effect of LA
Enhanced the effect of LA + NH,
Enhanced the effect of LA
Attractive when combined with
LA+ NH,

Hexanoic acid + NH; improved
blend of lactic acid + acetone +
dimethyl disulfide

Reduced number of landings
Enhanced the effect of LA

Not attractive on its own
Induced landing response
Enhanced the effect of LA

Behavioural assay

Y-tube

Dual-port olfactometer
Landing assay

Y-tube

Dual-port olfactometer
Y-tube

Y-tube

Landing assay

Y-tube

Dual-port olfactometer
Landing assay
Dual-port olfactometer
Landing assay

Y-tube

Y-tube
Y-tube

Y-tube

Landing assay

Y-tube

Dual-port olfactometer
Landing assay

Y-tube

Reduced the attractive effect of LA Y-tube
No effect on the attractiveness of LA Y-tube

Not attractive on its own

Dual-port olfactometer

Reduced the attractive effect of LA Y-tube
No effect on the attractiveness of LA Y-tube

Not attractive on its own
Enhanced the effect of LA
Enhanced the effect of LA
Not attractive on its own
Induced landing response
Enhanced the effect of LA
Not attractive on its own
Enhanced the effect of LA
Not attractive on its own

Induced landing response

Dual-port olfactometer
Y-tube

Y-tube

Dual-port olfactometer
Landing assay

Y-tube

Dual-port olfactometer
Y-tube

Dual-port olfactometer
Dual-port olfactometer
Landing assay

Reference

Bosch et al. (2000)
Allan et al. (2006a)
Allan et al. (2006a)
Bosch et al. (2000)
Allan et al. (2006a)
Bosch et al. (2000)
Bosch et al. (2000)
Allan et al. (2006a)
Bosch et al. (2000)
Allan et al. (2006a)
Allan et al. (2006a)
Allan et al. (2006a)
Allan et al. (2006a)
Bosch et al. (2000)

2
2

Bosch et al. (2000)
Williams et al. (2006a)

Williams et al. (2006a)

Douglas et al. (2005)
Bosch et al. (2000)
Allan et al. (2006a)
Allan et al. (2006a)
Bosch et al. (2000)
Bosch et al. (2000)
Bosch et al. (2000)
Bernier et al. (2002)
Bosch et al. (2000)
Bosch et al. (2000)
Bernier et al. (2002)
Bosch et al. (2000)
Bosch et al. (2000)
Allan et al. (2006a)
Allan et al. (2006a)
Bosch et al. (2000)
Bernier et al. (2002)
Bosch et al. (2000)
Bernier et al. (2002)
Allan et al. (2006a)
Allan et al. (2006a)
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Table 1. Continued

Compound
heptadecanoic acid

octadecanoic acid

Blend of lactic acid,
ammonia and two
carboxylic acids (C1-
C3and C5-C8)

Blend of octanal,
hexanal, Z-4 decenal,
decanal, hexanoic
and octanoic acid

Response

Enhanced the effect of LA
Not attractive on its own
Enhanced the effect of LA
Not attractive on its own

Induced landing response
Attractive

Reduced number of landings

Behavioural assay

Y-tube

Dual-port olfactometer
Y-tube

Dual-port olfactometer
Dual-port olfactometer
Landing assay

Y-tube

Landing assay

Reference

Bosch et al. (2000)
Bernier et al. (2002)
Bosch et al. (2000)
Bernier et al. (2002)
Allan et al. (2006a)
Allan et al. (2006a)
Bosch et al. (2000)

Douglas et al. (2005)

Aromatic carboxylic acids

benzoic acid

Induced landing response

2-hydroxybenzoic acid Induced landing response

Landing assay
Landing assay

Allan et al. (2006a)
Allan et al. (2006a)

Ketones
acetone

butanone
2-pentanone
3-pentanone
6-methyl-5-hepten-
2-one

2-decanone
geranyl acetone

Attractive on its own; Enhanced
the effect of LA

Improved blend of LA + NH, +
hexanoic acid

Weakly attractive

Weakly attractive

Weakly attractive

Weakly attractive

Reduced upwind flight

Not attractive on its own
Reduced upwind flight

Dual-port olfactometer
Dual-port olfactometer
Y-tube

Dual-port olfactometer
Dual-port olfactometer
Dual-port olfactometer
Dual-port olfactometer
Y-tube olfactometer

Dual-port olfactometer
Y-tube olfactometer

Bernier et al. (2003)
Bernier et al. (2007)
Williams et al. (2006a)

Bernier et al. (2002)
Bernier et al. (2002)
Bernier et al. (2002)
Bernier et al. (2002)
Logan et al. (2008)

Bernier et al. (2002)
Logan et al. (2008)

Sulfides
methyl sulfide

carbon disulfide

dimethyl disulfide

ethyl disulfide

Attractive on its own
Induced landing response
Attractive on its own
Induced landing response
Attractive on its own

No landing response

Enhanced the effect of LA
Enhanced the effect of lactic acid
+ acetone

Not attractive on its own
No landing response

Dual-port olfactometer
Landing assay
Dual-port olfactometer
Landing assay
Dual-port olfactometer
Dual-port olfactometer
Landing assay
Dual-port olfactometer
Lab. trapping exp’s
Y-tube

Dual-port olfactometer
Dual-port olfactometer
Landing assay

Allan et al. (2006a)

Allan et al. (2006a)

Allan et al. (2006a)

Allan et al. (2006a)
Bernier et al. (2003, 2007)
Allan et al. (2006a)

Allan et al. (2006a)
Bernier et al. (2003, 2007)
Silva et al. (2005)
Williams et al. (2006a)
Bernier et al. (2007)

Allan et al. (2006a)

Allan et al. (2006a)
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Table 1. Continued

7. Host-seeking behaviour of mosquitoes: responses to olfactory stimuli in the laboratory

Compound Response Behavioural assay Reference
methyl propyl disulfide Not attractive Dual-port olfactometer Allan et al. (2006a)
Induced landing response Landing assay Allan et al. (2006a)
dimethyl trisulfide ~ Not attractive on its own Dual-port olfactometer Allan et al. (2006a)
No landing response Landing assay Allan et al. (2006a)

Miscellaneous
dichloromethane

Attractive on its own

Dual-port olfactometer

Bernier et al. (2003)

Enhanced the effect of LA
pyridine Not attractive on its own Dual-port olfactometer Bernier et al. (2002)
4-pyridinamine Not attractive on its own Dual-port olfactometer Bernier et al. (2002)
benzene Not attractive on its own Dual-port olfactometer Bernier et al. (2002)
toluene Not attractive on its own Dual-port olfactometer Bernier et al. (2002)
heptane Not attractive on its own Dual-port olfactometer Bernier et al. (2002)
1H-indole Not attractive on its own Dual-port olfactometer Bernier et al. (2002)
2-octene Not attractive on its own Dual-port olfactometer Bernier et al. (2002)
styrene Not attractive on its own Dual-port olfactometer Bernier et al. (2002)
2-nonene Not attractive on its own Dual-port olfactometer Bernier et al. (2002)
1,3-butanediamine  Not attractive on its own Dual-port olfactometer Bernier et al. (2002)
pentacosane Not attractive on its own Dual-port olfactometer Bernier et al. (2002)
cholesterol Not attractive on its own Dual-port olfactometer Bernier et al. (2002)
squalene Not attractive on its own Dual-port olfactometer Bernier et al. (2002)

acids from the C1-C3 and C5-C8 groups was almost as attractive as an extract of human skin
residues (attracting 68.1% and 77.9% of the tested mosquitoes, respectively). The difference in
attractiveness may have been caused by ‘missing’ compounds in the synthetic blend or because
the concentrations and proportions of the compounds in the blend were not optimal (Bosch et
al. 2000).

Another promising attractive blend is the combination of lactic acid, acetone, and dimethyl
disulfide (Bernier et al. 2007, Silva et al. 2005, Williams et al. 2006a). The latter two compounds
have been detected in human breath and in human skin emanations (Bernier et al. 2000, Philips
1997). MM-X traps (Woodstream, Lititz, PA, USA; obtained originally from American Biophysics,
East Greenwich, RI, USA) baited with this synthetic blend were attractive to Ae. aegypti females
under controlled laboratory conditions (Silva et al. 2005). However, natural human odour was
significantly more attractive than the triple blend in two-choice olfactometer experiments
(Bernier et al. 2007). The addition of ammonia and hexanoic acid improved the attractiveness
of the blend, and the addition of acetone to a blend of lactic acid, ammonia and hexanoic acid
increased attraction to the latter blend (Williams et al. 2006a). BG-Sentinel traps (BioGents AG,
Germany) baited with the four blends mentioned above (i.e. combinations of ammonia, hexanoic
acid, lactic acid, acetone and dimethyl disulfide) appeared to be highly effective and Ae. aegypti-
specificin field experiments in Australia (Williams et al. 2006a,b). However, this seemed to be due
to visual more than olfactory cues (Williams et al. 2006a).
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Acetone, dimethyl disulfide and dichloromethane, attractants on their own, were found to act
synergistically when combined in a binary blend with lactic acid (Allan et al. 2006a, Bernier et
al. 2003, 2007). The binary blends were less attractive than the triple blend mentioned above
(Bernier et al. 2007). Aedes aegypti females also responded to other sulfides that are found on
human skin, in human breath or may be present in human blood (Ashley et al. 1992, Bernier et al.
2000, Krotoszynski et al. 1977, Philips 1997); carbon disulfide, methyl propyl disulfide and methyl
sulfide, either in a dual-choice olfactometer and/or in landing assays were found to be attractive,
but dimethyl trisulfide and ethyl disulfide were not (Allan et al. 2006a) (Table 1).

Several ketones, which were found to be present in higher amounts on glass beads handled by
a person that was more attractive to Ae. aegypti, proved to be weak attractants in a dual-port
olfactometer (Table 1). Two of these compounds, butanone and 2-pentanone, decreased after
the skin sample had aged for 8 hours. In contrast, one of the ketones that was found to be a weak
attractant, 6-methyl-5-heptene-2-one, was also found in lower quantities on a day when a person
was more attractive (Bernier et al. 2002). Similarly, Logan et al. (2008) showed that 6-methyl-5-
heptene-2-one and especially geranyl acetone may be responsible for the decreased attraction
of certain individuals. The former inhibited flight activation and probing activity but not relative
attraction, whereas the latter reduced flight activity over all doses tested as well as relative
attraction and probing activity.

The aldehydes octanal, nonanal and decanal, which are presentat high levels in the skin emanations
of less attractive individuals, caused a significant reduction in upwind flight of Ae. aegypti females
and reduced attraction to a human hand at certain concentrations (Bernier et al. 2002, Logan et
al. 2008). This indicates that compounds that are present on human skin may act as repellents or
‘mask’ the attractive effects of other skin compounds. The abundance of these compounds may
explain the relative attractiveness of different individuals to this mosquito species.

Hexanal, octanal and z-4-decanal, all aldehydes produced by the seabird crested auklet (Aethia
cristatella Pallas), were shown to decrease the number of landings on a human hand by Ae. aegypti
mosquitoes at doses similar to concentrations produced by this bird species (Douglas et al. 2001,
2005). Octanal (2.5%) was as repellent as a mixture of four aldehydes, including octanal and two
carboxylic acids mimicking the auklet odorant in its natural composition. Both 2% hexanal and 2%
hexanoic acid reduced the number of mosquito landings to the same extent (Douglas et al. 2005).

Several other compounds, which were interesting because they were more abundant in the skin
emanations of a less attractive individual or were found in higher or lesser amounts when the
skin emanations of a certain person were more attractive on some days than on other days, have
been screened (Bernier et al. 2002). These compounds, which include two alcohols, 4-hexen-1-ol
and 1-hepten-3-ol, with structural similarity to 1-octen-3-ol, an attractant for some mosquito
and haematophagous fly species (e.g. Takken and Kline 1989, Schofield et al. 1997, Vale and Hall
1985a,b), were not attractive when tested individually (Table 1).

Aedes albopictus (Skuse), a competent vector for many arboviruses, which exhibits an opportunistic
host-feeding pattern and is extending its range around the world (Gratz 2004, Richards et al. 2006,
Turell et al. 2005) has been shown to be activated (in a Y-tube olfactometer) to a greater degree by
hexanoic acid, ethyl butyrate and dimethyl disulfide than by lactic acid. These compounds were
also shown to be attractive to this mosquito species (Wang et al. 2006). In contrast, Shirai et al.
(2001) found a repellent, or inhibitory, effect of lactic acid for this mosquito species when applied
on normally attractive human or mouse skin.
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7. Host-seeking behaviour of mosquitoes: responses to olfactory stimuli in the laboratory

Anopheles gambiae s.s.

Experiments in an African village conducted by Haddow (1942) indicated that the host-seeking
behaviour of An. gambiae females is mediated primarily by human odour. This has been proven
by many studies since (reviewed by Takken and Knols 1999). In the laboratory, An. gambiae is
strongly attracted to human emanations, in particular skin emanations. A single finger (Dekker
et al. 2001b, Smallegange et al. 2002), ethanol washings of human hands and feet (Braks 1999),
human sweat (Braks and Takken 1999, Meijerink et al. 2000, Smallegange et al. in press), and skin
emanations of human hands or feet transferred to fabric (Dekker et al. 2001a, Pates et al. 2001b,
Qiu et al. 2004b, Smallegange et al. in press, Spitzen et al. 2008) or glass beads (Qiu et al. 2004a,
2006a) are highly attractive when tested in wind tunnels, Y-tube or dual-choice olfactometers or
indoor experiments with mosquito traps.

Several compounds present in human sweat or on human skin have been tested individually or
in blends under laboratory conditions to identify their effect on An. gambiae females (Table 2).
Ammonia is an important kairomone for this mosquito species; it is attractive over a wide range
of concentrations and suppresses the inhibitory or repellent effect of a carboxylic acid mixture
(Braks et al. 2001, Smallegange et al. 2005). However, at high doses ammonia has a repellent, or
inhibitory, effect (Smallegange et al. 2005).

The role of lactic acid in the host-orientation phase seems to be different in An. gambiae compared
to Ae. aegypti; on its own it is either not an attractant, or only a weak attractant (Braks et al.
2001, Dekker et al. 2002, Healy and Copland 2000, Smallegange et al. 2002, 2005). However, it
has been found to augment the attractiveness of natural human skin odour, carbon dioxide, and
synthetic odour blends, indicating that lactic acid is an essential compound in the orientation of
An. gambiae to human hosts (Dekker et al. 2002, Qiu 2005, Smallegange et al. 2005, 2009).

Variable results have been obtained in field studies with carbon dioxide (Costantini et al. 1996,
Knols et al. 1998, Mboera and Takken 1997, Qiu et al. 2007a). For this species the compound is
considered to indicate the presence of a potential host while host-selection is accomplished
by host-specific cues (Takken and Knols 1999). Dual-port olfactometer studies have shown that
CO, is a poor kairomone for An. gambiae that can even have a repellent, or inhibitory, effect
depending on the structure of the plume and the positioning of the release point (Dekker et
al. 2001b, Spitzen et al. 2008). The compound, however, activates An. gambiae, guiding them
towards the release point of CO, after which human skin emanations attract the mosquitoes
into a trapping device (Dekker et al. 2001b, Healy and Copland 1995, Knols et al. 1994b, Spitzen
et al. 2008). This was demonstrated by the fact that CO, released in a turbulent plume in front of
the trap entrance enhanced the attractiveness of skin emanations. This combination was more
attractive than the synthetic blend of ammonia, lactic acid and CO, (although the former two
compounds increased the effect of CO,), indicating that additional compounds are involved in the
host-seeking behaviour of this mosquito species (Spitzen et al. 2008). Recently, (semi-)field studies
confirmed that the addition of CO, to human emanations increases the number of An. gambiae
caught in odour baited mosquito traps (Jawara et al. 2009, Njiru et al. 2006, Schmied et al. 2008).

Human sweat has been shown to stimulate An. gambiae females to land at the odour source,
whereas a mixture of 22 aliphatic carboxylic acids, which have been identified from human sweat,
did not elicit a landing response (Healy and Copland 2000). However, a blend of 12 aliphatic
carboxylic acids was found to be attractive when highly diluted (Knols et al. 1997). A similar blend,
although repellent or inhibitory on its own, was attractive when combined with ammonia and
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Table 2. Overview of chemical compounds that have been tested for theirimpact on the host-seeking behaviour of
Anopheles gambiae s.s. using behavioural assays in the laboratory. (Details about concentrations of compounds

are omitted).
Compound Response Behavioural assay Reference
carbon dioxide (CO,) Activation and upwind flight Wind tunnel Healy and Copland (1995)

ammonia (NH,)

(Weakly) attractive on its own
Homogeneous CO, reduced trap

catch; Turbulent CO, caused

activation and attractive synergism

with skin emanations

Attractive or repellent / inhibitory

effect depending on doses

Dual-port olfactometer
Dual-port olfactometer
Dual-port olfactometer

Dual-port olfactometer
Dual-port olfactometer
Y-tube

Knols et al. (1994b)
Dekker et al. (2001b)
Spitzen et al. (2008)

Braks et al. (2001)
Smallegange et al. (2005)
Smallegange et al. (2002)

Alcohols
3-methyl-1-butanol  Repellent / inhibitory effect when Dual-port olfactometer Qiu (2005)
combined with NH, + LA
4-ethylphenol Repellent / inhibitory effect when  Dual-port olfactometer Qiu (2005)
combined with NH; + LA
1-dodecanol No effect when combined with Dual-port olfactometer Qiu (2005)
NH, + LA
Aliphatic carboxylic acids
lactic acid (LA) No landing response Wind tunnel Healy and Copland (2000)
Not or weakly attractive on its own Dual-port olfactometer Braks et al. (2001)
Y-tube Smallegange et al. (2002)
Augmented attractiveness of CO, Y-tube Dekker et al. (2002)
and human odour
Synergism when combined with  Dual-port olfactometer Smallegange et al. (2005)
NH; and carboxylic acids Dual-port olfactometer Smallegange et al. (2009)
acetic acid No effect in combination with NH, Dual-port olfactometer Smallegange et al. (2009)

propanoic acid

2-methylpropanoic
acid

butanoic acid
3-methyl butanoic
acid

pentanoic acid

hexanoic acid

+LA

Synergism when combined with

NH, + LA

No effect in combination with NH,

+LA

Synergism when combined with

NH, + LA

Synergism when combined with

NH, + LA

Synergism when combined with

NH, + LA
No effect on its own

Synergism when combined with
NH; + LA or repellent / inhibitory

effect depending on doses

Dual-port olfactometer
Dual-port olfactometer
Dual-port olfactometer
Dual-port olfactometer
Dual-port olfactometer

Y-tube
Dual-port olfactometer

Smallegange et al. (2009)
Smallegange et al. (2009)
Smallegange et al. (2009)
Smallegange et al. (2009)
Smallegange et al. (2009)

Smallegange et al. (2002)
Smallegange et al. (2009)
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7. Host-seeking behaviour of mosquitoes: responses to olfactory stimuli in the laboratory

Table 2. Continued.

Compound Response Behavioural assay Reference

heptanoic acid Synergism when combined with
NH; + LA or repellent / inhibitory
effect depending on doses

Synergism when combined with

Dual-port olfactometer Smallegange et al. (2009)

octanoic acid Dual-port olfactometer Smallegange et al. (2009)

NH, + LA

nonanoic acid Nogeffect when combined with Dual-port olfactometer Smallegange et al. (2009)
NH, + LA

decanoic acid No effect when combined with Dual-port olfactometer Smallegange et al. (2009)
NH; and LA

dodecanoic acid No effect when combined with Dual-port olfactometer Smallegange et al. (2009)
+ LA

tridecanoic acid No effect when combined with Dual-port olfactometer Smallegange et al. (2009)
NH, + LA

tetradecanoicacid ~ Synergism when combined with  Dual-port olfactometer Smallegange et al. (2009)
NH, + LA
Attractive when combined with  Indoor trapping Smallegange et al. (2009)
NH; + LA experiment

hexadecanoicacid  No effect in combination with NH; Dual-port olfactometer Smallegange et al. (2009)
+LA

blend of 12 Attractive Dual-port olfactometer Knols et al. (1997)

carboxylic acids

NH, + LA
blend of 22 No landing response
carboxylic acids
blend of ammonia,
lactic acid and 7

carboxylic acids

Attractive

Repellent / inhibitory effect
Synergism when combined with

Dual-port olfactometer
Dual-port olfactometer

Wind tunnel
Dual-port olfactometer

Indoor trapping
experiment

Smallegange et al. (2005)
Smallegange et al. (2005)

Healy and Copland
(2000)

Smallegange et al. (2009)
Smallegange et al. (2009)

Unsaturated carboxylic acids
7-octenoic acid
NH, + LA
combination of (E/Z)- Reduced response to CO,
3-methyl-2-hexenoic
acid isomer mixture
and 7-octenoic acid

Attractive when combined with

Dual-port olfactometer

Dual-port olfactometer

Qiu (2005)

Costantini et al. (2001)

Oxocarboxylic acids
2-oxopropanoic acid No landing response
2-oxobutanoicacid Induced landing response
2-0x0-3- Induced landing response
methylbutanoic acid
2-oxopentanoic acid Induced landing response

Wind tunnel
Wind tunnel
Wind tunnel
Wind tunnel

Wind tunnel

Healy et al. (2002)
Healy et al. (2002)
Healy et al. (2002)

Healy and Copland
(2000)
Healy et al. (2002)
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Table 2. Continued.

Compound Response Behavioural assay Reference
2-0x0-3- Induced landing response Wind tunnel Healy et al. (2002)
methylpentanoic
acid
2-0x0-4- Induced landing response Wind tunnel Healy et al. (2002)
methylpentanoic
acid
2-oxohexanoic acid  Induced landing response Wind tunnel Healy et al. (2002)
2-oxooctanoicacid  No landing response Wind tunnel Healy et al. (2002)
2-hydroxypentanoic No landing response Wind tunnel Healy et al. (2002)
acid

Ketones
acetone Activating effect when combined ~ Wind tunnel Takken et al. (1997)

with CO,
Enhanced the effect of LA, Dual-port olfactometer Qiu (2005)

decreased effect of NH,
No aditional attractiviness when  Dual-port olfactometer Qiu (2005)

combined with NH; + LA
6-methyl-5-hepten-  Repellent/inhibitory effect when Dual-port olfactometer Qiu (2005)
2-one combined with NH, + LA
geranyl acetone Repellent / inhibitory effect when Dual-port olfactometer Qiu (2005)
combined with NH, + LA
Miscellaneous
benzothiazole Repellent / inhibitory effect Dual-port olfactometer Qiu et al. (2004a)
indole Repellent / inhibitory effect when Dual-port olfactometer Qiu (2005)
tested alone and when combined
with NH; + LA
blend of 1-butanol,  Attractive Indoor trapping Verhulst et al. (2009)
2,3-butanedione, experiment

2-methyl-1-butanol,
2-methylbutanal,
2-methylbutanoic acid,
3-hydroxy-2-butanone,
3-methyl-1-butanol,
3-methylbutanal,
3-methylbutanoic acid,
benzeneethanol

lactic acid (Smallegange et al. 2005). In dual-choice olfactometer experiments, this blend was less
attractive than a worn sock, suggesting that more volatiles play a role in the host-orientation of
An. gambiae (Smallegange et al., in press).

In addition, seven individual saturated aliphatic carboxylic acids (propanoic, butanoic, 3-methyl-
butanoic, pentanoic, heptanoic, octanoic and tetradecanoic acid) and an unsaturated carboxylic
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acid (7-octenoicacid) increased the attractiveness of ammonia when combined in a tripartite blend
together with lactic acid (Qiu 2005, Smallegange et al. 2009). A blend consisting of ammonia, lactic
acid and the seven saturated carboxylic acids was attractive both in a dual-choice olfactometer
and in indoor trapping experiments in a netted cage (Smallegange et al. 2009). Moreover, this
synthetic blend, combined with co,, attracted more mosquitoes than humans when present in
different experimental huts, whereas it was equally or less attractive than humans when present
within the same hut (Okumu et al. 2010).

Hexanoic and heptanoic acid were found to have inhibitory/repellent effects at certain doses
(Smallegange et al. 2002, 2009). A range of other carboxylic acids (acetic, 2-methylpropanoic,
nonanoic, decanoic, dodecanoic, tridecanoic and hexadecanoic acid) had no effect on the
attractiveness of ammonia combined with lactic acid (Smallegange et al. 2009). The combination
of 7-octenoic acid and the isomer mixture of (E/Z)-3-methyl-2-hexenoic acid reduced the response
to CO, in a dual-choice olfactometer (Costantini et al. 2001). The latter is a major component in
human axillary odour, the former a minor component (Zeng et al. 1991, 1996).

Six oxocarboxylic acids (2-oxobutanoic, 2-oxo-3-methylbutanoic, 2-oxopentanoic, 2-oxo-3-
methylpentanoic, 2-oxo-4-methylpentanoic and 2-oxohexanoic acid), three of which have been
identified in human sweat, caused a landing response in An. gambiae females (Table 2). More
mosquitoes landed in response to 2-oxopentanoic acid than to the other oxocarboxylic acids.
The landing response to this compound was found to be temperature dependent and decreased
to control levels within 10 minutes after application (Healy and Copland 2000, Healy et al. 2002).

Three alcohols (1-dodecanol, 4-ethyl phenol, 3-methyl-butanol) individually added to ammonia
and lactic acid had no effect, inhibited or repelled An. gambiae females (Qiu 2005), although two
of them (1-dodecanol, 3-methyl-butanol) were found at high levels in incubated sweat, which
was found to be more attractive than fresh sweat (Braks and Takken 1999, Meijerink et al. 2000).

Mosquitoes preferred ammonia over a blend of ammonia, lactic acid and either geranyl acetone or
6-methyl-5-hepten-2-one, depending on the doses of the ketones (Qiu 2005). These two ketones
were found in equal quantities in fresh and incubated sweat (Meijerink et al. 2000).

Acetone is well known as an attractive kairomone for tsetse flies. This compound has been found
in blood, milk, urine and breath of cattle, which is the host of these vectors of trypanosomiasis
(Jordan 1986, Torr et al. 1995, Vale 1980, Vale and Hall 1985a,b). It is also relatively abundant in
human breath (Philips 1997) and was found in fresh but not in incubated sweat (Meijerink et al.
2000). A human-equivalent physiological concentration of acetone had an activating effect on An.
gambiae when added to CO, (Takken et al. 1997). It was also found to increase the attractiveness
of lactic acid, but decreased the attractiveness of ammonia and was not attractive on its own.
Although the triple blend of ammonia, lactic acid and acetone was attractive, it was as attractive
as ammonia alone (Qiu 2005).

When tested alone, indole, which is abundantly present in incubated sweat (Meijerink et al. 2000),
caused either no effect, inhibition or repelled, depending on the concentration tested. A blend of
ammonia, lactic acid and indole was significantly less attractive than ammonia alone (Qiu 2005).
A compound found in the headspace of worn nylon stockings but suspected to be not specifically
human, benzothiazole, repelled An. gambiae females at close range in a dual-port olfactometer
(Qiu et al. 2004b).

Olfaction in vector-host interactions 161



Renate C. Smallegange and Willem Takken

An. gambiae is attracted to volatiles produced by human skin microbiota both in dual-choice
olfactometer and in indoor trapping experiments. Moreover, MM-X traps baited with a blend of
10 compounds present in the headspace of human feet microbiota (1-butanol, 2,3-butanedione,
2-methyl-1-butanol, 2-methylbutanal, 2-methylbutanoic acid, 3-hydroxy-2-butanone, 3-methyl-1-
butanol, 3-methylbutanal, 3-methylbutanoic acid, benzeneethanol) caught significantly more An.
gambiae during indoor trapping experiments than unbaited traps (Verhulst et al. 2009).

Another member of the An. gambiae complex, An. quadriannulatus (Theobald), has long been
considered to be zoophilic and therefore of no medical importance (Takken et al. 1999). Hence its
host-seeking behaviour has rarely been studied. Pates et al. (2001a), however, showed that this species
has an equal preference for humans and calves. In addition, An. quadriannulatus preferred human
odour over a synergistic combination of cow odour with CO, in a dual-port olfactometer. Carbon
dioxide alone was not attractive, whereas CO, with 1-octen-3-ol had a inhibitory or repellent effect.
The effect of acetone was not clear (Pates et al. 2005). A recent field study with An. quadriannulatus
confirmed the finding that this species is attracted to human and cattle odours (Torr et al. 2008).

Culex quinquefasciatus

Almost 60% of the Cx. quinquefasciatus females from a colony that originated from Sri Lanka that
were released individually in a dual-port olfactometer were attracted within three minutes to
polyamide stockings that had been worn by a human volunteer for the preceding 48-60 hours
(Mboera et al. 1998), whereas, in a separate study, less than 25% of the mosquitoes from a colony
in the USA released in groups of 50-70 females were attracted to a human hand (Allan et al.
2006b). Skin rubbings and ethanol washings of human hands and feet or the back were attractive
to groups or individual female mosquitoes (Braks et al. 1999). These results demonstrate that Cx.
quinquefasciatus from different parts of the world are attracted to sources of volatiles that are
present on human skin.

In laboratory studies carbon dioxide has little or no attractive effect on this species. A high
concentration was found to be repellent. Contrary to what has been found for other mosquito
species, no synergistic effect of CO, in combination with skin emanations has been observed
(Allan et al. 2006b, Braks et al. 1999, Mboera et al. 1998).

Culex quinquefasciatus was attracted to lactic acid in dual-port olfactometer studies (Allan et
al. 20063, Braks et al. 1999). Ethanol washings from human hands and feet were significantly
more attractive than lactic acid alone, demonstrating that lactic acid is not the only attractive
component on human skin (Braks et al. 1999). Eighteen other compounds present in human skin
emanations were found to be attractive at certain doses to this species when tested individually
in a Y-tube olfactometer (Table 3). Some of these attracted over 75% of the mosquitoes released:
heptanal, nonanal, ethylene glycol, benzyl alcohol, and eleven carboxylic acids (Puri et al. 2006).
Several of these compounds, however, were not found to have an effect on mosquitoes in a dual-
port olfactometer study, possibly due to the concentrations at which these compounds were
tested (Table 3) (Allan et al. 2006a,b). Other alcohols and carboxylic acids had either no effect or
exhibited decreased behavioural responses compared to the control, depending on the doses
applied in a Y-tube olfactometer (Table 3) (Puri et al. 2006).

Recent field experiments showed that not only CO, enhances trap catches, but also nonanal. The
latter compound is dominantly present in the odour profile of pigeons, chickens and humans from
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Table 3. Overview of chemical compounds that have been tested for theirimpact on the host-seeking behaviour of
Culex quinquefasciatus using behavioural assays in the laboratory. (Details about concentrations of compounds

are omitted).
Compound Response Behavioural assay Reference
carbon dioxide (CO,) Not or weakly attractive on its Dual-port olfactometer Mboera et al. (1998)
own; repellent / inhibitory effect at Dual-port olfactometer Braks et al. (1999)
high concentration; no synergism Dual-port olfactometer Allan et al. (2006b)
with host emanations
Alcohols
ethylene glycol Attractive Y-tube Puri et al. (2006)
glycerol Repellent / inhibitory effect Y-tube Puri et al. (2006)
phenol No response Y-tube Puri et al. (2006)
benzyl alcohol Attractive Y-tube Puri et al. (2006)
decanol Attractive or repellent / inhibitory  Y-tube Puri et al. (2006)
effect depending on doses
cholesterol Attractive Y-tube Puri et al. (2006)
Aldehydes
propanal Attractive Y-tube Puri et al. (2006)
hexanal No response Dual-port olfactometer Allan et al. (2006b)
heptanal Attractive Y-tube Puri et al. (2006)
benzaldehyde No response Y-tube Puri et al. (2006)
Dual-port olfactometer Allan et al. (2006b)
nonanal Attractive Y-tube Puri et al. (2006)

No response

Dual-port olfactometer

Allan et al. (2006b)

Aliphatic carboxylic acids

lactic acid (LA) Attractive
No landing response
acetic acid Not attractive on its own

Induced landing response
Attractive

Not attractive on its own
No landing response
Not attractive on its own
No landing response
Not attractive on its own
No landing response
Attractive

Attractive

Not attractive on its own
No landing response

propanoic acid

butanoic acid

3-methyl butanoic
acid

hexanoic acid
heptanoic acid

octanoic acid Attractive
nonanoic acid Attractive
decanoic acid Attractive
undecanoic acid Attractive
dodecanoic acid Attractive
tridecanoic acid Attractive

Dual-port olfactometer
Dual-port olfactometer
Landing assay
Dual-port olfactometer
Landing assay

Y-tube

Dual-port olfactometer
Landing assay
Dual-port olfactometer
Landing assay
Dual-port olfactometer
Landing assay

Y-tube

Y-tube

Dual-port olfactometer
Landing assay

Y-tube

Y-tube

Y-tube

Y-tube

Y-tube

Y-tube

Allan et al. (2006a)
Braks et al. (1999)
Allan et al. (2006a)
Allan et al. (2006a)
Allan et al. (2006a)
Puri et al. (2006)
Allan et al. (2006a)
Allan et al. (2006a)
Allan et al. (2006a)
Allan et al. (2006a)
Allan et al. (2006a)
Allan et al. (2006a)
Puri et al. (2006)
Puri et al. (2006)
Allan et al. (2006a)
Allan et al. (2006a)
Puri et al. (2006)
Puri et al. (2006)
Puri et al. (2006)
Puri et al. (2006)
Puri et al. (2006)
Puri et al. (2006)
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Table 3. Continued.

Compound

tetradecanoic acid

pentadecanoic acid
hexadecanoic acid

heptadecanoic acid
octadecanoic acid

Response

Attractive

Not attractive on its own
No landing response
Repellent / inhibitory effect
Repellent / inhibitory effect
Not attractive on its own
Induced landing response
Attractive

Repellent / inhibitory effect
Not attractive on its own
Induced landing response

Behavioural assay

Y-tube

Dual-port olfactometer
Landing assay

Y-tube

Y-tube

Dual-port olfactometer
Landing assay

Y-tube

Y-tube

Dual-port olfactometer
Landing assay

Reference

Puri et al. (2006)
Allan et al. (2006a)
Allan et al. (2006a)
Puri et al. (2006)
Puri et al. (2006)
Allan et al. (2006a)
Allan et al. (2006a)
Puri et al. (2006)
Puri et al. (2006)
Allan et al. (2006a)
Allan et al. (2006a)

Aromatic carboxylic acids

benzoic acid
2-hydroxybenzoic
acid

No landing response
No landing response

Landing assay
Landing assay

Allan et al. (2006a)
Allan et al. (2006a)

Sulfides
methyl sulfide

carbon disulfide
dimethyl disulfide
ethyl disulfide
methyl propyl

disulfide
dimethyl trisulfide

Not attractive on its own
No landing response

Not attractive on its own
No landing response

Not attractive on its own
No landing response

Not attractive on its own
No landing response

Not attractive on its own
Induced landing response
Not attractive on its own
Induced landing response

Dual-port olfactometer
Landing assay
Dual-port olfactometer
Landing assay
Dual-port olfactometer
Landing assay
Dual-port olfactometer
Landing assay
Dual-port olfactometer
Landing assay
Dual-port olfactometer
Landing assay

Allan et al. (2006a)
Allan et al. (2006a)
Allan et al. (2006a)
Allan et al. (2006a)
Allan et al. (2006a)
Allan et al. (2006a)
Allan et al. (2006a)
Allan et al. (2006a)
Allan et al. (2006a)
Allan et al. (2006a)
Allan et al. (2006a)
Allan et al. (2006a)

Miscellaneous

meso-2,3-butanediol Not attractive on its own Dual-port olfactometer Allan et al. (2006b)
2,3-butanediol Not attractive on its own Dual-port olfactometer Allan et al. (2006b)
a-pinene Not attractive on its own Dual-port olfactometer Allan et al. (2006b)
B-myrcene Not attractive on its own Dual-port olfactometer Allan et al. (2006b)
2,3-docosanediol Not attractive on its own Dual-port olfactometer Allan et al. (2006b)
blend of hexanal, Not attractive Dual-port olfactometer Allan et al. (2006b)
a-pinene,
benzaldehyde,
B-myrcene, and
nonanal
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various ethnic backgrounds. Traps baited with both nonanal and CO, caught the highest number
of Cx. quinquefasciatus (Syed and Leal 2009).

Culex quinquefasciatus females assayed in a dual-port olfactometer responded to a different extent
to odour sources of animal origin (bovine blood, avian blood, chickens, chicken feathers, chicken
feathers combined with CO,, cotton balls rubbed over chicken feathers and hexane extracts
of chicken feathers) (Allan et al. 2006a,b). However, there was no response to five compounds
identified from feathers (Williams et al. 2003) individually or as a blend (hexanal, benzaldehyde,
nonanal, a-pinene, and B-myrcene), or to three individual compounds (meso-2,3-butanediol,
2,3-butanediol and 2,3-docosanediol) that have been identified in the preen gland of hens (Allan
et al. 2006b, Haathi and Fales 1967; Table 3).

InaY-tube olfactometer, fresh chicken faeces was attractive to Cx. quinquefasciatus. Eight aldehydes
((E)-2-decanal, undecanal, dodecanal, tetradecanal, pentadecanal, hexadecanal, heptadecanal and
octadecanal) identified in the headspace of the faeces elicited electroantennogram responses, as
well as eight unknown compounds (Cooperband et al. 2008), and should be tested for their effect
on the host-seeking behaviour of Cx. quinquefasciatus females.

Volatile compounds associated with blood (aliphatic and aromatic carboxylic acids and sulphides)
showed no attractiveness in olfactometer assays, with the exception of lactic acid (Table 3).
However, in cage assays, significantly more landings were observed on collagen sausage casings
treated with acetic, hexadecanoic, and octadecanoic acid, dimethyl trisulfide or methyl propyl
disulfide than on casings treated with water (Allan et al. 2006a).

Female Cx. nigripalpus Theobald, another mosquito species associated with West Nile virus
transmission in the USA (Godsey et al. 2005, Sardelis et al. 2001), were attracted to tetradecanoic
acid, dimethyl disulfide and methyl propyl disulfide and landed on casings treated with lactic
acid, octadecanoic acid, dimethyl trisulfide, ethyl disulfide or methyl propyl disulfide, although
responses to bovine blood were low (Allan et al. 2006a). Culex nigripalpus and Cx. tarsalis Coquillett
did not respond to human odour, whereas they were attracted to chicken odour in a dual-port
olfactometer. Culex tarsalis was significantly more responsive to CO, than were Ae. aegypti, Cx.
quinquefasciatus and Cx. nigripalpus (Allan et al. 2006b).

Discussion

In the last decade much progress has been made in the identification of kairomones and
allomones of Ae. aegypti, An. gambiae and Cx. quinquefasciatus. However, in the laboratory assays
these compounds and blends are less attractive than natural odours and work should continue
to identify the ‘missing’ compounds. Recent advances in molecular olfaction and neurophysiology
are expected to contribute to a rapid identification of essential odorants that are lacking from the
current blends.

Robust behavioural assays are available for screening olfactory cues to which mosquitoes respond,
although some devices are not suitable for all species. For example, An. gambiae behaviour is
erratic in Y-tube assays (Smallegange et al. 2002), whereas Ae. aegypti and Cx. quinquefasciatus
behaviour is normal and consistent in this device (Geier and Boeckh 1999, Puri et al. 2006).

The main bottleneck of high-throughput testing of candidate semiochemicals is the relatively
time-consuming operation of the behavioural bioassays, in contrast to neurophysiological studies.
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Three-layer olfactometers, in which three sets of mosquitoes can be tested simultaneously, as
developed by the USDA research laboratory in Gainesville, Florida, USA (Posey et al. 1998), are
a valuable means of increasing the rate at which mosquitoes can be tested. Nevertheless, each
batch of novel odour blends needs to be tested in sufficient replicates, which slows down the
bioassay evaluation. The development of tools that might accelerate the behavioural assays
may be very useful so that new producers of semiochemicals will not be disappointed. These
behavioural assays require large numbers of female mosquitoes, which can be a burden on the
research budget as this requires the availability of climate-controlled insectaries and trained staff.

Progress in the development of digital recording techniques allows for the study of insect
behaviour using 3D image analysers (see publications for details of products available). Patterns
of flight behaviour in response to specific host-odours and blends of odours have been studied,
revealing interesting behavioural changes during odour-mediated upwind anemotaxis (Beeuwkes
et al. 2008, Braks et al. 2005, Cooperband and Cardé 2006, Chapter 6 in this volume). Thus, the
specific role of a semiochemical in the mosquito behavioural repertoire can be established. This
will facilitate the discovery of more effective odorant blends with which to modify or control
mosquito behaviour.

Current techniques in semiochemistry allow for the rapid analysis of volatiles of human and
animal origin (Bernier et al. 1999, Curran et al. 2007, Penn et al. 2007). This poses a potentially
huge problem for the behavioural ecologist, as it is unlikely that all compounds present in host
emanations are involved in host-seeking behaviour (Zwiebel and Takken 2004), and it is impractical
to examine each compound in a behavioural assay. High-throughput testing of semiochemicals is
possible at the neurophysiological level (Chapter 2 and 3, this volume), but encounters logistical
obstructions at the behavioural level. Thus, chemical ecologists will probably rely on testing
selected compounds and blends, based on results from neurophysiology and historical evidence.
The exploration of chemical libraries for small molecules that might affect mosquito behaviour,
as is currently in progress at different research facilities, will add a potentially large number of
compounds that require behavioural testing (Justice et al. 2003, Zwiebel and Takken 2004).

At present, a novel and promising technique is under development by several research groups, in
which differences in attractiveness to mosquitoes between human individuals is being exploited
to study chemical profiles with the aim of identifying critical chemical groups or compounds that
cause these differences (Bernier et al. 2002, Logan et al. 2008, Smallegange et al. 2003, Qiu et al.
2006a). Such compounds may be either kairomones or allomones (Dicke and Sabelis 1988). If the
compounds that are significantly more abundant in highly attractive persons can be identified, it is
likely to provide a rapid method for the development of attractive odour blends for mosquitoes, as
itis expected that these compounds play a role in the attraction of these individuals. Alternatively,
poorly attractive individuals may produce compounds that quench or even suppress the activity
of other chemicals, so that the mosquito can no longer identify the source or, perhaps, is even
repelled from it (Logan et al. 2008).

The relative concentrations of semiochemicals in odour blends is a fundamental factor in
determining their attractiveness. For example, Cx. quinquefasciatus was not attracted to certain
synthetic volatiles of chicken origin (Allan et al. 2006b), whereas it did respond to natural
bird odours. This may indicate that either critical volatiles were missing or that the relative
concentrations of components in the blend were not appropriate. This example illustrates some
of the difficulties inherent in the development of effective synthetic odour baits. Knowledge of
the naturally occurring ratios of compounds in host volatiles is not necessarily useful; artificial
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baits for trapping and killing tsetse represent the most successful application of semiochemicals
to control vectors in the world, and yet the blend of chemicals in the bait is only loosely related to
the naturally occurring ratios and concentrations of compounds emitted by live hosts (Vale and
Hall 1985a,b). It is also worth noting that compounds and blends of compounds that are attractive
at a particular concentration, may be repellent or cause inhibition at higher concentrations (e.g.
Knols et al. 1997, Smallegange et al. 2005, Vale and Hall 1985a). Therefore, single compounds and
blends should be tested across a range of concentrations in a methodical way, similar to range
testing doses of drugs or toxins. Differences in the concentrations of compounds tested may
explain differences in the results of assays based on the same compounds (Allan et al. 2006a,b, Puri
etal. 2006). Similarly, the type of assay used (Y-tube olfactometer, dual-port olfactometer, landing
assay) may affect the results obtained.

A more directed approach may help to identify the most important compounds controlling
host-seeking behaviour of particular species. For example, having found that hexane extracts
of chicken feathers were attractive to Cx. quinquefasciatus while ether extracts were not (Allan
et al. 2006b), Bernier et al. (2008) examined these extracts and found that the ether extracts
contained aldehydes, which were also present in the hexane extracts, whereas the hexane
extracts also contained alcohols, ketones and diones. Subsequent behavioural assays can focus
now on compounds of the latter three groups or can be preceded by either on-line (coupled
with GC) or off-line EAG recordings to determine whether components present in the hexane
extract are detected by the mosquito olfactory structures as Cooperband et al. (2008) did with
acidified chicken faeces. A similar approach could be used to identify more active compounds, in
addition to lactic acid and ammonia, which are present in the fractions of skin extracts attracting
Ae. aegypti (Geier et al. 1996, 1999a). Unidentified compounds may yet be found that increase the
attractiveness of the best blends available so far (Williams et al. 2006a).

It has been shown repeatedly that a compound may be more attractive in mixtures than when
applied singly (Geier et al. 1999a, Smallegange et al. 2005). Aedes aegypti females are more
attracted to triple blends of lactic acid, acetone, dimethyl disulfide or dichloromethane than
to binary blends, whereas binary blends are more attractive than single compounds (Bernier et
al. 2007). A similar observation was found for tsetse flies: a mixture of three chemicals is more
attractive than individual chemicals and more tsetse flies were trapped when the mixture was
applied at higher doses for all components, except octenol, which reduces trap catches at higher
doses, showing again the importance of controlling concentrations (Vale and Hall 1985b).

Compounds that have no clear effect on behaviour when used individually may, however, play an
important role in a mixture, as was shown for lactic acid; although it is not or only weakly attractive
to An. gambiae when applied alone, it has a synergistic effect when presented with ammonia and
carboxylic acids (Qiu 2005, Smallegange et al. 2005, 2009). Similarly, Ae. aegypti is not attracted
to ammonia alone, whereas this compound enhances the effect of lactic acid (Geier et al. 1999a).
This phenomenon makes it even harder to ‘predict’ which mixture of compounds will produce an
effective synthetic blend that is highly attractive to mosquitoes.

For Ae. aegypti and An. gambiae particular blends of kairomones attract a reasonably large number
of mosquitoes in bioassays when tested on their own. However, the natural odour complex of
the human host was significantly more attractive than any synthetic blend when compared
directly against each other (Bernier et al. 2007, Spitzen et al. 2008, Smallegange et al. in press).
It is therefore likely that essential components are lacking in these, otherwise, attractive blends.
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Another complication in the identification of kairomones is that a chemical may be attractive
when applied alone, but shows an inhibitory or a (spatial) repellent effect in combination with
human odours. Such an effect has been found for the widely used mosquito repellent DEET (N,N-
diethyl-3-methylbenzamide), which was found to be (weakly) attractive to Ae. aegypti when used
on its own (Bernier et al. 2005, Dogan et al. 1999, Kline et al. 2003, Mehr et al. 1990), but caused
(spatial) repellence or inhibited attraction when combined with natural human odours (Bernier et
al. 2005, Curtis 1992, Dogan et al. 1999, Kline et al. 2003). Recently, however, Syed and Leal (2008)
demonstrated true behavioural repellency of Cx. quinquefasciatus by DEET in the absence of other
chemostimuli.

In addition, the method of testing putative repellents can conceal its possible effect. Based on the
definition of a repellent as‘a chemical which causesinsects to make oriented movements away from
its source’ (Dethier et al. 1960), it remains unclear from most Y-tube and dual-choice olfactometer
assays whether compounds that attract significantly fewer mosquitoes than the control are truly
repellents (Dogan and Rossignol 1999), because in these devices the insects cannot move away
from the source. However, when the term repellent is used to designate products that intent to
reduce the biting-rate of haematophagous insects (see White 2007), this term can be used for
chemicals that have been shown to reduce the number of mosquitoes attracted to a natural or
synthetic odour source when tested in a Y-tube or dual-choice olfactometer. Especially area or
spatial repellents, which prevent mosquitoes from reaching their blood-host and are thus effective
at a distance from the source of application (see Strickman 2007), may be discovered with these
kind of bioassays. Several methods have been developed to test chemicals for their ability to
be applied as mosquito repellents, either as a spatial or topical repellent. Each method has its
advantages and disadvantages (e.g. Barnard et al. 2007, Chareonviriyaphap et al. 2002, Dogan and
Rossignol 1999, Grieco et al. 2005, Hao et al. 2008, Kline et al. 2003, Klun et al. 2005, Rutledge and
Gupta 2004). Which bioassay should be used may depend on the research question and possible
future application method and may depend on the mode of action of the repellent. For these
reasons we suggest to name chemicals that show a inhibitory or repellent effect in laboratory
bioassays ‘putative repellents’ until their effectiveness has been proven in the field.

The previous paragraphs show that the bioassay used to test semiochemicals as behaviour-
mediating compounds for mosquitoes may provide an indication that a certain compound plays
a role in the host-seeking process. However, the result may not be conclusive of the exact role
of this compound. For example, most Y-tube and dual-choice olfactometers cannot discriminate
between an inhibitory and a repellent effect (Dogan and Rossignol 1999); additional, appropriate
bioassays should be performed. Since the host-seeking process exists of different phases (Takken
1996), the choice for a certain type of bioassay determines which phase is examined. For example,
the activating effect of a chemical may be missed in a landing assay or an olfactometer when it is
not combined with a chemical that induces a landing response or that is an attractant, whereas it
may be noticed when video recording in combination with a 3D image analyser is used. Therefore,
when no response has been found in a specific bioassay care should be taken to conclude that
a certain compound has no effect on the host-seeking behaviour of a certain mosquito species;
the compound may play a role in another host-seeking phase. In an olfactometer, attraction may
not be visible, even though the mosquitoes make oriented movements towards the source of a
chemical (Dethier et al. 1960), when the insects do not fly into the trapping system with which
the olfactometer is applied.

Although similarities have been found in the response to certain olfactory cues (e.g. ammonia,
lactic acid, aliphatic carboxylic acids, some ketones and aldehydes in Ae. aegypti, An. gambiae
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and Cx. quinquefasciatus), it is clear that different mosquito species use different odour cues to
find their blood-host, and the role of the individual compounds varies between species, even for
species that have the same host preference. Finally, much research is required to establish the
range of variation in behaviour within wild populations of a given mosquito species across its
geographical distribution, for variability within populations, and for the effects of colonisation on
natural host-seeking behaviour, as indicated by some disparities between the results of studies
based on different populations of all three species reviewed here (Lefévre et al. 2009; Williams et
al. 2003, 2006c¢). It is likely that different attractive blends, odour delivery systems and trap types
have to be used to manage different mosquito populations (Kline 2007).

Conclusions

Several compounds found in human emanations have been shown to cause a behavioural response
in the laboratory in at least one of the three mosquito species, Ae. aegypti, An. gambiae and Cx.
quinquefasciatus. Carbon dioxide is a universal kairomone, but with distinctly different effects on
the three species. In the laboratory, Aedes aegypti is strongly activated by this compound, whereas
for An. gambiae it is also a synergist and effective when released at a distance from the other
kairomones. The behavioural response of Cx. quinquefasciatus to CO, is at best weak.

Composed odour blends are attractive to mosquitoes in the laboratory. These include a
combination of ammonia, lactic acid, hexanoic acid, acetone and dimethyl disulfide for Ae. aegypti,
and of ammonia, lactic acid and aliphatic carboxylic acids for An. gambiae. However, there is not
yet a blend that is equally attractive or more so than natural human odours. Studies comparing
(1) odours from poorly and highly attractive persons, (2) odours from a preferred host and a non-
host and (3) blood-host preferences of mosquitoes from different geographic regions are likely
to reveal critical compounds responsible for the strong attractiveness of humans to the three
mosquito species reviewed here.

Six-methyl-5-hepten-2-one and geranyl acetone are candidate repellents, as these cause inhibition
or repellence in Ae. aegypti (Logan et al. 2008) and An. gambiae (Qiu 2005). Interestingly, the
release of these compounds from a human arm has been found to decrease when treated with
DEET (Syed and Leal 2008).

Synthetic blends can be exploited to lure mosquitoes into odour-baited traps, manipulate them
away from human houses or cause general disruption to normal host-seeking behaviour by mass
release of human odorants (Day and Sjogren 1994, Kline 2007). Chapter 8 of this volume discusses
how laboratory-based results may be transferred to the (semi-)field for further testing prior to
their application.

It is expected that the studies in progress by several research consortia will lead to novel classes
of odorant blends with which mosquito disease vectors can be monitored or controlled. Recent
results from trapping with odour-baited MM-X or BG-Sentinel traps (Kline 2007, Krockel et al. 2006,
Mboera et al. 2000, Njiru et al. 2006, Qiu et al. 2007a, Schmied et al. 2008, Williams et al. 2006b)
suggest that the application of such traps, provided the odorant stimulus is highly competitive
with natural host odour, are likely to become reality in the near future. Novel synthetic odorant
blends that disrupt the natural behaviour of mosquito vectors may be used in addition to current
control methods (Greenwood 2008, Takken and Knols 2009) to achieve a greater effect than is
presently possible.
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