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Several blood-feeding (hematophagous) insects are vectors of a number of diseases including dengue,
Chagas disease and leishmaniasis which persistently affect public health throughout Latin America.
The vectors of those diseases include mosquitoes, triatomine bugs and sandflies. As vector control is
an efficient way to prevent these illnesses it is important to understand the sensory biology of those
harmful insects. We study the physiology of the olfactory system of those insects and apply that knowl-
edge on the development of methods to manipulate their behavior. Here we review some of the latest
information on insect olfaction with emphasis on hematophagous insects. The insect olfactory sensory
neurons are housed inside hair-like organs called sensilla which are mainly distributed on the antenna
and mouthparts. The identity of many of the odor compounds that those neurons detect are already
known in hematophagous insects. They include several constituents of host (vertebrate) odor, sex,
aggregation and alarm pheromones, and compounds related to egg-deposition behavior. Recent work
has contributed significant knowledge on how odor information is processed in the insect first odor-pro-
cessing center in the brain, the antennal lobe. The quality, quantity, and temporal features of the odor
stimuli are encoded by the neural networks of the antennal lobe. Information regarding odor mixtures
is also encoded. While natural mixtures evoke strong responses, synthetic mixtures that deviate from
their natural counterparts in terms of key constituents or proportions of those constituents evoke weaker
responses. The processing of olfactory information is largely unexplored in hematophagous insects.
However, many aspects of their olfactory behavior are known. As in other insects, responses to relevant
single odor compounds are weak while natural mixtures evoke strong responses. Future challenges
include studying how information about odor mixtures is processed in their brain. This could help
develop highly attractive synthetic odor blends to lure them into traps.

� 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

Hundreds of millions of people suffer from insect-vector borne
diseases every year. These diseases mainly include malaria, yellow
fever, dengue, Chagas disease, African sleeping sickness and leish-
maniasis, which are spread by parasite-infected blood-feeding
(hematophagous) insects such as mosquitoes, triatomine bugs,
tsetse flies, sandflies (van der Goes van Naters and Carlson,
2006). Many of these diseases, including leishmaniasis, Chagas
disease and dengue seriously affect public health throughout Latin
America, and according to the World Health Organization vector
control is the most effective way to prevent some of these illnesses
(WHO, 2010). Thus, an increasing number of research projects in
this region focus on methods to monitor and control the insect
vectors. In particular, our group is devoted to the study of the mor-
phology and physiology of the olfactory system of these insects
(see Guerenstein and Lazzari, 2010), and to the development of
odor-baited insect traps (e.g., Guidobaldi and Guerenstein, 2013).
Similar traps have already successfully helped fight harmful insects
(Foster and Harris, 1997; Oehlschlager et al., 2002). However, to
manipulate the behavior of the vector insects efficiently, more
(b)(a) 

(a) Internal structure of an olfactory sensillum. The sensillum contains one or m
en (Tr) and tormogen (To) cell.; P, pores; Cu, cuticule; D, dendrites; E, epidermic
. (a) Multiporous trichoid sensillum (olfactory), (b) uniporous trichoid sensillum (g
hair plate (olfactory).
work on their sensory biology is necessary. The aim of this manu-
script is to review some of the latest information on insect
olfaction with emphasis on hematophagous insects, vectors of
disease, and highlight future challenges.
2. The olfactory system

Insect vectors heavily rely on their sense of smell to locate
hosts, find mates, and select egg-laying (‘ovipositing’) sites (e.g.,
Zwiebel and Takken, 2004). For example, Anopheles gambiae mos-
quitoes, vectors of malaria, may detect host volatiles from up to
70 m away the odor source (Kaufmann and Briegel, 2004) while
domiciliated triatomine bugs, the vectors of Chagas disease,
become activated to search for blood when they sense the CO2

exhaled by their sleeping hosts (Guerenstein and Lazzari, 2009).
Sex and alarm pheromones emitted by adults also play an impor-
tant role in the biology of triatomine bugs (May-Concha et al.,
2013; May-Concha, 2010; Minoli et al., 2013) whereas Culex quin-
quefasciatus mosquitoes, vectors of filariasis and West Nile Virus,
are attracted to oviposition sites by a pheromone released from
ore olfactory sensory neurons (OSNs) and three accessory cells: thechogen (Th),
cell; Ax, axon; BL, basal lamine; SL, sensillum lymph. (b) Types of chemosensory

ustatory), (c) basiconical sensillum (olfactory) (d) coeloconical sensillum (olfactory)
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maturing eggs (Mboera et al., 2000). Progress in the understanding
of olfaction in flies, moths, bees and locusts helps rapidly advance
the study of olfaction in vector insects, and reciprocally, advances
made in mosquitoes are making important contributions to our
understanding of other insect systems (Carey and Carlson, 2011).

2.1. Morphology of the olfactory system

2.1.1. At the periphery: the insect sensilla
At the peripheral level, a good part of the sensory system of

insects consists of a large number of highly diverse small organs
called sensilla (singular: sensillum). According to the sensory
modality they sense, sensilla are classified in olfactory, gustatory,
mechanosensory, while they could also house hygro- and thermo-
receptors. These sensory organs are located in antennae, mouth-
parts (labial and maxillary palps, and proboscis, a food-sucking
tubular appendage), genitalia, legs, wings (de Bruyne and Baker,
2008; Guerenstein and Hildebrand, 2008; Nichols and Vogt,
2008), but it is also possible to find them in other parts of the body
(e.g., Catalá, 1995). For example, the maxillary palps of mosquitoes
like An. gambiae and the labial palps of moths like Manduca sexta
contain olfactory sensilla that house sensory neurons detecting
CO2 (Guerenstein et al., 2004a; Lu et al., 2007), which in both spe-
cies is a crucial sensory cue for locating food resources
(Guerenstein et al., 2004b; Takken and Knols, 1999; Thom et al.,
2004).

Olfactory sensilla are mainly located in antennae and mouth-
parts and resemble hairs or plates. They have numerous pores in
their walls and can house one o more bipolar olfactory sensory
neurons (OSNs). The dendrites of the OSNs possess molecular
receptors for particular odors. To reach the dendrite membrane,
the odor molecules should pass through the sensillum wall pores,
a system of channels or tubules, and finally cross the aqueous sen-
sillum lymph that surrounds the dendrites (Steinbrecht and
Stankiewicz, 1999; Steinbrecht, 1997; see Section 2.2.1, Fig. 1a).
Apart from OSNs each olfactory sensillum contains three accessory
cells called thecogen, trichogen and tormogen cell (Keil, 1999); the
latter two provide the lymph with adequate ionic concentrations
and proteins. While the dendrites of the OSNs extend to the space
filled with sensillum lymph, the axon, after joining the antennal
nerve, projects to the first processing center of olfactory informa-
tion in the brain, the antennal lobe (AL; e.g., Anton and Homberg,
1999).

Fig. 1b shows the different morphological types of chemosenso-
ry sensilla, including trichoid (olfactory – which are multiporous-
or gustatory – with a single pore at the tip), basiconic (olfactory),
coeloconic (olfactory, although it may also contain hygro/thermo
receptors) and hair plate (olfactory) (Altner, 1977; Altner and
Prillinger, 1980). Olfactory sensilla can have a single (trichoid, bas-
iconic and hair plates) or double (coeloconic) wall. The single wall
can be thick (trichoid) or thin (basiconic and hair plates). The mor-
phologically different types of olfactory sensilla usually correspond
to different functional types. Moreover, within a morphological
type functional sub-types may be found (e.g., Diehl et al., 2003).
In some cases olfactory sensilla are grouped within a special struc-
ture, as in the case of the labial-palp pit organ of moths, which con-
sists of a group of sensilla tuned to CO2 (Guerenstein et al., 2004a;
Guerenstein and Hildebrand, 2008).

The numbers of sensilla and OSNs per antenna vary dramati-
cally among species. For example, the moth M. sexta contains
>100,000 antennal sensilla housing >250,000 OSNs, whereas
�400 sensilla housing�1200 OSNs are found in the Drosophila mel-
anogaster antenna (Sanes and Hildebrand, 1976; Shanbhag et al.,
1999). Larvae of many insect species contain olfactory systems that
are simpler than their adult counterparts, perhaps reflecting the
functional requirements of the two life stages. Adults often travel
long distances following odor cues to find food, mates, or oviposi-
tion sites. By contrast, larvae typically hatch from eggs laid directly
on or near a food source and do not navigate over long distances
(Carey and Carlson, 2011). Sexual dimorphism is striking in some
species. For example, female An. gambiae mosquitoes possess three
to four times more antennal (mostly olfactory) sensilla than males
(McIver, 1982). Such dimorphism correlates with the importance
of olfactory cues for females to locate their vertebrate hosts (only
females feed on blood; Zwiebel and Takken, 2004). The different
morphological types of olfactory sensilla have been found in hema-
tophagous insects including C. quinquefasciatus (Hill et al., 2009),
Aedes aegypti mosquitoes (McIver, 1982), Lutzomyia longipalpis
sandflies (Spegiel et al., 2005), Cimex lectularius bed bugs
(Harraca et al., 2010) and many others (e.g., An. gambiae,
Ghaninia et al., 2007a; Pitts et al., 2004). In the case of triatomine
bugs several morphological and ultrastructural studies have been
carried out (Bernard, 1974; Carbajal de la Fuente et al., 2007;
Catalá, 1994; Catalá et al., 2005; Catalá and Schofield, 1994;
Diehl et al., 2003; Guerenstein and Guerin, 2001; Moreno et al.,
2006; Rodriguez et al., 2009). The bad news is that, unfortunately,
different authors adopted different nomenclatures for these
structures.

The peripheral olfactory system of insects shows a remarkable
morphological diversity. The role of this diversity remains unclear
but it probably reflects selection pressures for high sensitivity,
phylogenetic and/or developmental constraints, and/other physical
environment in which evolution took place, rather than adapta-
tions to detect specific volatile chemicals (Hansson and
Stensmyr, 2011).

2.1.2. At the central level: the antennal lobe
As mentioned above, the axons of the OSNs project into the

antennal lobe (AL). The AL is a sphere-shaped region of the brain
which receives sensory input from OSNs on the antennae and
mouthparts (Galizia and Menzel, 2001; Guerenstein et al., 2004a;
Hansson and Anton 2000; Meyer et al., 2013). The AL, analogous
to the olfactory bulb of vertebrates, is typically composed of spher-
oid structures, called glomeruli (singular: glomerulus) surrounded
by glia (Anton and Homberg, 1999; Kirschner et al., 2006). Usually
all OSNs expressing the same odor receptor converge onto one of
multiple glomeruli (Vosshall et al., 2000). Each glomerulus also
houses neurites of local interneurons (LNs) and dendrites of uni-
or multi-glomerular projection neurons (PNs). While LNs arborize
in several (sometimes maybe all) glomeruli and do not have neu-
rites outside the AL, the axons of the PNs leave the AL and transmit
the partially processed information to higher brain areas (Anton
and Homberg 1999; Distler and Boeckh, 1996; Tolbert and
Hildebrand, 1981; Fig. 2). In some insects, information about sex
pheromone is processed by a small group of relatively big glome-
ruli forming a single structure called macroglomerular complex
(MGC; e.g., Boeckh and Boeckh, 1979; Hildebrand et al., 1980).
No such macroglomerular structures have been found in hema-
tophagous insects.

AL glomeruli can be characterized on the basis of their shape,
size and position, as these parameters are conserved for a particu-
lar insect species (Sachse and Krieger, 2011). Thus, three-
dimensional maps of the AL glomeruli have been established in
various model species and are used as a basis to interpret data
from functional AL studies. The AL of the mosquitoes An. gambiae
and Ae. aegypti (Anton, 1996; Ignell et al., 2005), and the triatomine
bug Rhodnius prolixus (Barrozo et al., 2009) have been mapped. The
arrangement and number of glomeruli within the AL are largely
species-specific (Kristoffersen et al., 2008). The number of glome-
ruli in female Ae. aegypti is 51 whereas in males is 49 (Ghaninia
et al., 2007b; Ignell et al., 2005). Male and female An. gambiae have
61 and 60 glomeruli respectively. In the triatomine bug R. prolixus,



(a)

(b)

Fig. 2. (a) Anterior view of an adult insect brain showing olfactory pathways. Left:
olfactory sensory neurons (OSNs) are located within sensilla on the antennae and
mouthparts (not shown). OSN axons project, via the antennal nerve (AN), to
spherical glomeruli in the antennal lobe (AL) where they synapse with local
interneurons (LNs) and projection neurons (PNs). OSNs expressing the same
olfactory receptor project to the same glomerulus (e.g., neurons a) while OSNs
expressing other receptors project to other glomeruli (e.g., neurons b, c). Right: LNs
and PNs project from cell bodies located in one of several cell clusters just outside
the glomerular mass. LNs are multiglomerular and limited to the AL. PNs are uni or
multi-glomerular and project outward to the lateral protocerebrum (LPC) and
mushroom bodies (MB). (b) Schematic illustration of the glomerular organization of
the AL. The axons of neurons expressing the same type of odorant receptor converge
on glomeruli in the AL. The OSNs (e.g., a, b, c) denote olfactory neurons expressing a
common odorant receptor. The excitatory PNs have dendrites in a single or multiple
glomeruli, where it receives extensive input from a single class or a few classes of
OSN, respectively. PNs send their axon to higher brain centers. The inhibitory
(lateral) neurons (LNs) arborize in multiple glomeruli. A similar organization of
OSNs and mitral cells (which are analogous to PNs) is found in the vertebrate
olfactory bulb, the first information processing station after the olfactory epithe-
lium. Vertebrate interneurons, however, are more numerous and complex.
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only 22 glomeruli were reported whereas no obvious sexual
dimorphism in the AL was observed (Barrozo et al., 2009). Thus,
the number of glomeruli in hematophagous insects is rather mod-
erate as in other insects species they range from about 50 to 60 in
some Dipteran species, around 60 in moths, 160 in honeybees, and
215–460 in ants (Berg et al., 2002; Das and Fadamiro, 2013;
Fishilevich and Vosshall, 2005; Galizia et al., 1999a; Ghaninia
et al., 2007a; Ignell et al., 2005; Laissue et al., 1999; Nishikawa
et al., 2008; Rospars, 1983; Smid et al., 2003; Zube et al., 2008).
Moreover, more than 1000 ‘microglomeruli’ constitute the AL of
locusts and some social wasps (Ernst et al., 1977; Hanström,
1928; Ignell et al., 2001).These marked differences in AL architec-
ture between species may impact the entire neural network func-
tion at the level of odor and odor mixture encoding, which seems
necessary for the species-specific adaption to environmental con-
straints (Meyer et al., 2013).
2.2. Physiology of the olfactory system

2.2.1. Transport of odor molecules
The odor molecules that hit the antenna may reach the lymph of

the olfactory sensilla through their wall pores. The aqueous sensil-
lum lymph is rich in soluble proteins (Vogt and Riddiford, 1981).
Usually some of these proteins act as carriers that transport the
odor molecules through the lymph to receptors on the dendritic
membrane of the OSNs where stimulus transduction will occur
(Tsuchihara et al., 2005; Vogt and Riddiford, 1981). These carrier
proteins transport even hydrophobic ligands. Two classes of hydro-
philic soluble carrier proteins have been found in the lymph of
chemosensory sensilla of insects, the odorant binding proteins
(OBPs; Vogt and Riddiford, 1981) and chemosensory proteins
(CSPs, Angeli et al., 1999). As vertebrate OBPs (which are lipocalins;
Flower, 1996), insect OBPs and CSPs are small proteins that bind
small ligands (i.e., molecules of volatile compounds). However,
the two groups of proteins differ significantly in their molecular
structure (e.g., OBPs: Kruse et al., 2003; Lipocalins: Bianchet
et al., 1996; Wogulis et al., 2006). OBPs (ca. 14–20 kDa) and CSPs
(11 kDa) have been identified in plenty of insects’ genera of both
hemimetabolous and holometabolous lineages (Bohbot et al.,
2010).

Based on their amino acid sequence different classes of insect
OBPs are recognized: PBPs (pheromone binding proteins), GOBP1
(general odorant binding proteins type 1), GOBP2 (general odorant
binding proteins type 2), and ABPX (antennal binding protein X;
Krieger et al., 1996; Pelosi et al., 2006). The classic OBPs have in
common a pattern of 6 cystein residues in conserved positions
whereas the smaller CSPs are characterized by a pattern of four
cystein residues (Pelosi et al., 2006). These proteins, often origi-
nally identified in Lepidoptera (moths) were also indentified in
Diptera (Drosophila: McKenna et al., 1994; Pikielny et al., 1994;
carrion-eater blowflies: Ozaki et al., 1995; mosquitoes: Ishida
et al., 2002), Hymenoptera (Danty et al., 1997); Heteroptera
(Dickens et al., 1995; Dickens and Callahan, 1996), Phasmoptera
(Tuccini et al., 1996) and Coleoptera (Paesen and Happ, 1995).

The ligands bind the carrier proteins with high affinity and in a
reversible way (Pelosi et al., 2006). When the complex carrier pro-
tein-odor molecule (or just the odor molecule according to a differ-
ent hypothesis; Hallem et al., 2004a; Krautwurst et al., 1998; Pelosi
et al., 2006; Wetzel et al., 2001) reaches the OSN dendrite mem-
brane it triggers a cascade of events that results in the transduction
of the chemical signal (Leal, 2005; Pelosi et al., 2006; see Sec-
tion 2.2.2; Fig. 3). After transduction was triggered the complex
carrier protein-odor molecule is degraded by enzymes although
an alternative model proposes that only the odor molecule is
degraded (Leal et al., 2013), while the carrier protein becomes
available for binding another ligand.

It has been shown that at least some OBPs have high affinity for
just one or a few ligands so that these carrier proteins could be par-
tially responsible for the response selectivity shown by some OSNs
to odors (Leal, 2005). More than one type of OBP could be found in
the lymph of a single sensillum (Hekmat-Scafe et al., 1997) and it is
believed that they are synthesized by the accessory cells of the sen-
sillum (Pelosi et al., 2006). Even when there is evidence of a role of
the carrier proteins in olfaction (e.g., Pelletier et al., 2010), mem-
bers of both OBP and CSP gene families were found to express in
gustatory organs (Galindo and Smith, 2001) and even outside
chemosensory tissues so that they may also have functions other
than chemosensory. For example, some of these proteins may be
involved in releasing chemical messages (e.g., pheromones) in
the environment (e.g., Jacquin-Joly et al., 2001). Also, a classic
OBP, synthesized outside a sensory organ, was found to solubilize
fatty acids in the diet during feeding in the blowfly Phormia regina
(Ishida et al., 2013) while a role in (blood) feeding was also found
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Fig. 3. Models of a typical olfactory signal transduction mechanism in trichoid and basiconic sensilla. After passing through a cuticular pore and pore channel (not shown) of
the sensillum, an odor molecule is transported by an odorant binding protein (OBP) to the dendritic membrane of an olfactory sensory neuron (OSN). There it binds a
particular odor receptor (OR) or, in the case of some pheromones, a sensory neuron membrane protein (SNMP) linked to an OR (not shown). Usually, OBPs and ORs bind only a
specific odor compound or a specific set of odor compounds. Three hypotheses have been proposed for the following steps: (a) Ionotropic hypothesis. The OR-ORCO
heteromer forms an odorant-gated non-specific cation channel underlying an ionotropic signal transduction process. Odorant binding to the OR triggers a current through
this channel (Sato et al., 2008). The ionotropic current is assumed to be modulated via metabotropic cascades of unknown metabotropic receptors which determine
sensitivity and kinetics of the ionotropic odorant response (Nakagawa and Vosshall, 2009). (b1) Parallel ionotropic and metabotropic cascade. According to this hypothesis
the ORCO itself is the cation channel which is activated by two pathways. In the first (fast, ionotropic) pathway odor ligands activate the OR, which in turn activates the ORCO
channel. In the second (slow, metabotropic) pathway activation of the OR results in activation of a trimeric G-protein and adenylyl cyclase (AC). This results in an increase of
the concentration of cAMP which elicits a ionic current only after previous phosphorylation of ORCO via PKC (Wicher et al., 2008). (b2) Metabotropic hypothesis. The odor-OR
binding activates a G-protein and phospholipase Cb (PLCb). This results in a rise in IP3 which increases intracellular Ca2+ concentrations first via rapid activation of an IP3-
dependent Ca2+-channel. The resulting Ca2+-influx gates Ca2+-dependent cation channels which underlie a combined transient transduction current. Strong or long lasting
Ca2+ rises together with DAG activate a PKC which activates further cation channels and is assumed to phosphorylate ORCO thereby increasing its conductance (Stengl and
Funk, 2013). DAG diacylglycerol, PKA protein kinase A, PKC protein kinase C, PKG protein kinase G, cAMP cyclic-AMP, cGMP cyclic-GMP, IP3 inositol 1,4,5-trisphosphate, PIP2,
phosphatidylinositol 4,5-bisphosphate.
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in the case of OBPs expressing in the midgut of the mosquito Culex
nigripalpus (Smartt and Erickson, 2009).

It is known that while the Drosophila genome carries 49 OBP
genes, Ae. aegypti and An. gambiae possess 57 and 66 putative
OBP members, respectively. Among individual species, OBPs share
little overall amino-acid sequence identity, ranging from 13% to
22% in these dipterans (Zhou et al., 2008). In the case of the classic
6-cysteine OBPs, the overall amino-acid identity is less than 5%.
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The high diversity of OBPs would correlate with the high number
of chemicals that the system needs to interact with (Mohl et al.,
2002). In hematophagous insects OBPs have already been found.
Thus, in the mosquito C. quinquefasciatus the OBP CquiOBP1
(Ishida et al., 2002; Mao et al., 2010) is known to bind an oviposi-
tion pheromone (Leal et al., 2013) while the An. gambiae Aga-
mOBP1 (Wogulis et al., 2006) mediates sensing of indole, which
is emitted by human sweat and water in breeding sites
(Biessmann et al., 2010). In Ae. aegypti an OBP, AaegOBP1, has also
been identified (Leite et al., 2009).

It should be mentioned that when olfactory receptors of An.
gambiae have been expressed in sensilla on the antennae of D. mel-
anogaster they responded to the same odors as in An. gambiae
(Hallem et al., 2004b) even when the mosquito and Drosophila
OBPs involved are structurally very different. This seems to suggest
a non-essential role of OBPs in olfaction. However, other studies
suggest that OBPs are necessary for an adequate electrophysiolog-
ical and behavioral olfactory response in D. melanogaster (e.g., Xu
et al., 2005).

2.2.2. Odor reception
In recent years significant advances have been made on the

understanding of the events related to insect chemoreception at
the dendritic membrane level. Three classes of receptors involved
in olfaction have been identified: olfactory receptors (ORs), iono-
tropic receptors (IRs) and gustatory receptors (GRs).

2.2.2.1. ORs: olfactory receptors. ORs are part of a large family of
highly divergent seven-transmembrane-domain proteins. In the
membrane they are usually part of a heteromeric complex consist-
ing on at least two subunits. While the OR subunit is a member of
the diverse conventional ORs, the other, called co-receptor (ORCO),
is a member of the highly conserved non-conventional ORs belong-
ing to the DmOR83b-like sub-family of proteins (Couto et al., 2005;
Hallem et al., 2006; Jones et al., 2005; Krieger et al., 2003; Larsson
et al., 2004; Nakagawa et al., 2005; Pitts et al., 2004). The ligands
only bind the OR subunit which confers odorant-reception specific-
ity. The ORCO subunit does not interact with ligands and do not
confer ligand specificity. Insect ORs are not homologous to the
chemosensory receptors coupled to G-protein of vertebrates
(Buck and Axel, 1991) and they represent a new protein family
(Clyne et al., 1999a; Voshall et al., 1999). A single OSN usually
expresses one type of OR although they can express up to three dif-
ferent types (Galizia and Sachse, 2010; Voshall et al., 1999).

Based mostly on work on Drosophila and moths, different
hypotheses of OR-mediated insect olfactory transduction have
been proposed and more than one mechanism may exist. One
hypothesis suggests that the OR-ORCO heteromer forms a non-
selective ligand-activated cation channel. Thus, upon odor stimula-
tion, a Ca2+ influx and an increase in the non-selective cation
conductance was observed. It was suggested that this ionotropic
signal transduction process is independent from the pathways
involving second messengers related to receptor-coupled G-pro-
tein (Sato et al., 2008; Fig. 3a). It has also been suggested that ORCO
itself is the cation channel and that this channel is activated by two
different pathways. In the first (fast, ionotropic) pathway odor
ligands activate the OR, which in turn activates the ORCO (chan-
nel). In the second (slow, metabotropic) pathway activation of
the OR results in a cascade involving a G-protein and adenylyl cyc-
lases that activate cyclic nucleotides which elicit a ionic current
only after previous phosphorylation of ORCO via PKC (Wicher
et al., 2008; Fig. 3b). It has been observed that cation permeability
differ among different mosquito OR complexes, thus the odorant-
binding OR affects the channel pore (Pask et al., 2011). Finally, it
has also been proposed that odor stimulation activates a G-protein
which in turn activates a phospholipase C which leads to a rise in
inositol trisphosphate (IP3). The IP3 rise activates an IP3-depen-
dent Ca2+ channel so that intracellular Ca2+ levels increase thus,
activating Ca2+-dependent cation channels which leads to a trans-
duction current. Strong or long lasting Ca2+ rises would lead to acti-
vation of further cation channels as well as the ORCO channel thus
increasing their conductance and leading to an additional metabo-
tropic current (Stengl et al., 1999; Stengl and Funk, 2013; Fig. 3b).

As many as 131 candidate AaOR genes have been identified in
the Ae. aegypti genome (Bohbot et al., 2007). Phylogenetic analysis
reveals several species-specific OR expansions in Ae. aegypti and, in
a lesser extent, in An. gambiae (Bohbot et al., 2007). Thus, the Ae.
aegypti AaOR family is significantly expanded relative to the OR
families of An. gambiae (79 AgORs, Hill et al., 2002) and D. melano-
gaster (62 DmORs, Robertson et al., 2003), and is dominated by a
large set of 40 AaORs not closely related to An. gambiae ORs, indi-
cating a high evolutionary divergence in ORs that is likely to reflect
their critical roles in the mosquito life cycle.

As in the case of other insects, genes encoding candidate ORs of
An. gambiae are diverse, with the exception of the ORCO AgOR7 (the
anopheline DmOR83b ortholog) and other members of a highly
conserved non-conventional OR subfamily that is widely expressed
throughout insect olfactory organs (Hill et al., 2002; Krieger et al.,
2003, 2002; Vosshall et al., 2000). AgOR7 has been reported to
localize in antennae, maxillary palp and unexpectedly, the probos-
cis of adult An. gambiae (Lu et al., 2007), which has not just a gus-
tatory but also an olfactory function (Kwon et al., 2006). Among
classic ORs, AgOR28 has been found in both the maxillary palp
(Lu et al., 2007) and the proboscis (Kwon et al., 2006). One of the
strongest ligands for AgOR28 is acetophenone (Kwon et al., 2006;
Lu et al., 2007), a plant compound that may be associated to nec-
tar-feeding or oviposition cues. Other examples of AgORs whose
ligands are now known include AgOR8 whose ligand is the verte-
brate odor 1-octen-3-ol (Lu et al., 2007; an homologous was found
in Ae aegypti as AaOR8, Bohbot and Dickens, 2009), AgOR2, nar-
rowly tuned to a small set of aromatics including indole (a verte-
brate odor also found in the mosquitoes’ oviposition sites; an
homologous was found in Ae. albopictus as AalOR2 and other spe-
cies, Bohbot et al., 2011; Pelletier et al., 2010), AgOR5, narrowly
tuned to 2,3-butanedione (a metabolic byproduct of human skin
microflora), AgOR65 whose ligand is 2-ethylphenol (a constituent
of vertebrate urine; Carey et al., 2010), AgOR1, specifically respon-
sive to 4-methylphenol (a component of human sweat odor;
Hallem et al., 2004b), AgOR48, responding to lactones (found in
oviposition sites and flowers; Pask et al., 2013), AgOR40 whose
natural ligand may not be known although it is known that binds
the repellent DEET (N,N-diethyl-m-toluamide; Liu et al., 2010;
see also Wang et al. (2010).

In the case of the southern house mosquito C. quinquefasciatus,
as many as 177 OR genes have been identified. For this mosquito,
CquiOR10 was found to be narrowly tuned to the oviposition
attractant skatole (Hughes et al., 2010). In addition, CquiOR95b
binds ethyl 2-phenylacteate and citronellal which are repellents
for Culex mosquitoes (Leal et al., 2013). The ligands for other mos-
quito ORs have also been proposed (Rinker et al., 2012; Wang et al.,
2010). It has been suggested that the expression pattern of odor
receptors plays a fundamental role in the differential host prefer-
ences of even related mosquito species (Rinker et al., 2012). In
the triatomine R. prolixus, the OR and GR genes sets consist of
115 (including 5 pseudogenes) and 28 models respectively. Addi-
tionally, a total of 18 IR gene models have been identified and it
has been possible to show antenno-specific expression for several
ORs and IRs (Latorre-Estivalis et al., 2012).

Although the AaORs have not been mapped cytologically to the
Ae. aegypti chromosomes, AaOR localization on supercontigs
revealed that 12 AaORs are paired in tandem arrays, 7 are found
as triplets and many others as larger clusters of up to 11 genes
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(Bohbot et al., 2007). This is similar to the organization of the
AgORs (Hill et al., 2002) but in contrast to that of the DmORs, which
are typically dispersed as single genes throughout the genome and
at most are found in triplets (Clyne et al., 1999b; Robertson et al.,
2003). Overall, 18 conserved AaORs share microsynteny with their
AgOR counterparts and neighboring genes further supporting the
evolutionary relationships of these receptors. Taken together,
genomic clustering, conserved gene orientation, and sequence sim-
ilarity provide strong evidence that these groups have arisen via
gene duplication (Bohbot et al., 2007).

2.2.2.2. SNMPs: sensory neuron membrane proteins. In some OSNs a
protein family known as sensory neuron membrane proteins
SNMPs was implicated in chemoreception (Benton et al., 2007).
SNMPs belong to a larger family of two transmembrane domain
proteins known as CD36 which has a broad range of described roles
including cholesterol transport by macrophage cells in humans
(Febbraio and Silverstein, 2007). Among other insects they have
been identified in An. gambiae and Ae. aegypti. They were found
in a variety of chemosensory organs including olfactory sensilla
of the antenna and palps and what appear to be chemosensory sen-
silla of wings and legs (Nichols and Vogt, 2008). The roles proposed
in insects include transport of odors and interactions with extracel-
lular (e.g. OBPs) and membrane (e.g. ORs) proteins. SNMPs could
establish a ‘molecular bridge’ between pheromone molecules and
some ORs (Bohbot et al., 2010). SNMPs are essential for olfactory
function in pheromone-detecting OSNs in some trichoid sensilla,
but are not required for functioning of basiconic sensilla suggesting
that they participate in the transduction of pheromonal lipidic
compounds (Benton et al., 2007).

2.2.2.3. IRs: ionotropic receptors. The OSNs of some sensilla (in par-
ticular sensilla coeloconica) do not express an OR or an ORCO
(Couto et al., 2005; Scott et al., 2001; Yao et al., 2005). Those OSNs
usually respond to ammonia and short chain carboxylic acids,
amines and aldehydes (Benton et al., 2009; Davis and Sokolove,
1976; Diehl et al., 2003; Pappenberger et al., 1996). It has been
shown that the dendritic membrane of those OSNs express a family
of chemoreceptors different from the ORs and related to ionotropic
glutamate receptors (iGluRs) present in neuron synapses of verte-
brates and invertebrates (Benton et al., 2009). These new chemore-
ceptors have been called ionotropic receptors (IRs). IRs are
expressed in OSNs that do not express ORs or ORCO although at
least one exception exist (Benton et al., 2009). IRs are characterized
by three transmembrane domains, a pore region, and venus extra-
cellular S1 and S2 ligand-binding domains (Sachse and Krieger,
2011). Contrary to iGluRs, most IRs would not bind glutamate
while the binding sites are highly divergent. For example, OSNs
expressing IR64a1 have binding sites for acid compounds which
are usually found in vertebrate odor (Ai et al., 2010). The IRs are
also receptors for amines (Rytz et al., 2013) found in vertebrate
odor. Still, there is a highly conserved region between the iGluRs
and IRs corresponding to the pore of the ionic channel. The IRs
would form ionic channels directly activated by ligands (Benton
et al., 2009) and they would be expressed together with a co-recep-
tor (Rytz et al., 2013). However, contrary to ORs, different
co-receptors for IRs exist; IRs must express together with the co-
receptors to be functional (Rytz et al., 2013). Moreover, in some
OSNs possibly two different IRs are expressed and even an OR
and IR expressing in the same OSN may occur (Abuin et al.,
2011; Rytz et al., 2013). Recent work describes the complex phys-
iological interaction that the IR and OR chemosensory pathways
display in order to generate behavior (Silbering et al., 2011).

The ligands for An. gambiae IRs are being identified. Thus, it has
been proposed that an important ligand for AgIR76b is butylamine
(a vertebrate odor). Also, the candidate co-receptors AgIRs8a and
25a would respond to glutamate considering similarities between
these two antennal IRs and iGluRs, AgIR25a seems unable to bind
odors. Thus, it has been proposed that these IRs would have a role
in neuromodulation of OSN function (Liu et al., 2010). The number
of IRs per species show a high degree of variation ranging from 12
in the human body louse to 95 in Ae. aegypti (Croset et al., 2010).
2.2.2.4. GRs: gustatory receptors. CO2, an ubiquitous volatile com-
pound emitted by vertebrates, is a very important odor cue for
hematophagous insects to find their hosts (Guerenstein and
Hildebrand, 2008). The molecular chemoreceptors for CO2 do not
belong to the OR or IR families of receptors. Instead, members of
the family of GRs are involved (Jones et al., 2007; Kwon et al.,
2007; Suh et al., 2004). In An. gambiae, AgGR22, AgGR23 and
AgGR24 (homologs of Ae. aegypti AaGR1, AaGR2 and AaGR3,
respectively; Kent et al., 2008) are coexpressed in a single OSN
and encode functional receptors that, when present together pos-
sibly as a heteromer, produce responses to CO2 (Lu et al., 2007).
Homologs of AgGR22 and AgGR24 were also found in the blowfly
Chrysomya megacephala (Diptera: Calliphoridae; Wang et al.,
2013). It has also been proposed that a G-protein plays a role in
the responses of OSNs tuned to CO2 (Yao and Carlson, 2010).
2.2.3. Responses at the peripheral level
The role of the peripheral olfactory system is to inform the

brain, in a fraction of a second, about the quality, quantity and tem-
poral features of the odor stimulus. That is, the system must inform
about the identity and concentration of the odor constituents, if
the stimulus consists of a single compound or a mixture of odors
and in the latter case, the proportions of the different constituents
of the mixture. Besides, it must inform if the stimulus is presented
continuously or intermittently, and in the latter case at which
instantaneous frequency. All this information is encoded through
the spike frequency in the ensemble of OSNs upon odor stimula-
tion (Guidobaldi and Guerenstein, 2012).

Odor stimulation could evoke excitatory (increased spike fre-
quency) or inhibitory (spike cessation) responses in particular
OSNs (de Bruyne et al., 1999; Diehl et al., 2003). Moreover, single
compounds can evoke excitation in an OSN and inhibition in
another (Dougherty et al., 1999), and OSNs could be excited by sin-
gle compounds and inhibited by others (de Bruyne et al., 2001,
1999; Hallem et al., 2004; Kreher et al., 2005). This results in a high
number of possible information codes.

‘Specialist’ OSNs are tuned to respond to a single compound or a
few closely related compounds. Stimulation of specialist (selective)
OSNs with the compound to which they are tuned results in a sen-
sitive response with a wide dose–response curve. On the contrary,
‘generalist’ OSNs respond to compounds that could even be chem-
ically rather different. Thus, many different generalist OSNs could
respond to the same compound. It should be mentioned that many
of the OSNs characterized do not clearly fall in any of these two
categories so that a gradient that goes from specialist to generalist
is found (Hallem and Carlson, 2006).

Upon stimulation with a particular odor mixture, the ensemble
of OSNs would generate a response pattern that would be unique
(French et al., 2011; Todd and Baker, 1999). It is the task of the
CNS to decode and process this information.

Even when the integration and processing of the olfactory infor-
mation occur in the CNS, in some cases interactions between the
responses of OSNs have been observed at the peripheral level.
Thus, reciprocal inhibition and synergism between the responses
of OSNs housed in the same sensillum was found in beetles and
moths (Nikonov and Leal, 2002; Ochieng et al., 2002). There is evi-
dence that these response interactions at the peripheral level
would also occur in hematophagous insects (Diehl et al., 2003).
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In many cases the response of the OSNs show adaptation lead-
ing to phasic responses upon stimulation. Thus, the OSNs respond
more faithfully to rapid changes in concentration than to odor pre-
sented for a prolonged time (e.g., Marion-Poll and Tobin, 1992). In
natural environments odor cues are often carried by wind in an
‘odor plume’. This odor plume has odor filaments that travel inter-
spersed with clean air (similar to the smoke from a cigarette). An
insect approaching the odor source would sense the odor plume
as a pattern of intermittent stimulations and, up to a certain point;
the phasic responses of the OSNs are able to follow the intermit-
tency. Following the direction of the wind while receiving inter-
mittent stimulation would ensure localization of the odor source
(Todd and Baker, 1999). It has been suggested that the IRs, which
have a very rapid response time, are specially adapted to follow
an intermittent pattern of stimulation (Silbering and Benton,
2010).

Most if not all hematophagous insects possess OSNs that
respond to CO2 including mosquitoes (e.g., Grant et al., 1995), tri-
atomine bugs (e.g., Barrozo and Lazzari 2004a; Guerenstein and
Lazzari, 2010; Núñez, 1982; Taneja and Guerin, 1995; Wiesinger,
1956), the stable fly Stomoxys calcitrans, and tsetse flies (Lehane,
2005). CO2 emanating from vertebrates is a very important cue
that helps hematophagous insects detect and orientate toward a
host on which they could feed (Guerenstein and Hildebrand,
2008; Lehane, 2005). The responses of the CO2 OSNs, including
those of mosquitoes show robust phasic and tonic components
and this allow them to signal changes in concentration as well as
the absolute ambient background CO2 level constantly (Grant
et al., 1995; Guerenstein et al., 2004a; Guerenstein and
Hildebrand, 2008). Moreover, they respond not only to increases
in concentration (through an increase in spike rate) but also to
decreases in CO2 levels (through spike rate decrease; Grant et al.,
1995; Guerenstein et al., 2004a). A number of odor compounds
have been identified that interfere with the response of the CO2

OSNs (Guerenstein et al., 2004a; Turner et al., 2011), and this infor-
mation could be used to manipulate the behavior of the insects.

Numerous papers used electrophysiological methods in olfac-
tory sensilla to record spikes from OSNs in order to identify the
odor compounds to which those sensory neurons respond to. Thus,
for example, mosquito OSNs respond to the host odors lactic acid
(Davis and Sokolove, 1976), nonanal (Ghaninia et al., 2008; Syed
and Leal, 2009), pentylamine, butylamine, butyric and isovaleric
acid (Cork and Park, 1996; Kwon et al., 2007; Pappenberger et al.,
1996), 3-methyl-1-butanol, 6-methyl-5-hepten-2-one (Meijerink
et al., 2001), 1-octen-3-ol, 3-methylphenol, CO2 (Cork and Park,
1996; Lu et al., 2007; Syed and Leal, 2007), 4-methylcyclohexanol,
indole, terpenes (Ghaninia et al., 2007b). Odors related to oviposi-
tion also evoked responses (e.g., Davis, 1976). Triatomines respond
to the host odors nonanal, isobutyric acid (Guerenstein and Guerin,
2001), ammonia (Diehl et al., 2003; Taneja and Guerin, 1997),
isobutylamine (Diehl et al., 2003) and a number of terpenes
(Guerenstein, 1999). In bed bugs apart from aldehydes, sulcatone
(another host odor) evoked clear responses (Harraca et al., 2012).
The sandfly antenna was also studied and several electrophysiolog-
ically active host odor constituents were reported including
2-hexanone, 3-methyl butanoic acid, 4-methyl heptanone, benzal-
dehyde and 3-hydroxy butanone (Dougherty et al., 1999).

Regarding the insect repellent DEET, it was suggested that it
acts through inhibition of the function of some ORs while it is also
detected by specific ORs linked to a repellence behavior (Bohbot
and Dickens, 2010; Ditzen et al., 2008; Liu et al., 2010; Syed and
Leal, 2008). In a recent study (Kain et al., 2013) DEET-sensitive
neurons were identified in a pit-like structure in the D. melanogas-
ter antenna called the sacculus. Those neurons express a highly
conserved receptor, Ir40a, and flies in which those neurons are
silenced or Ir40a is knocked down lose avoidance to DEET. This
study also tested several related natural compounds selected by
a computational screening and found that most of them activate
Ir40a+ neurons and are repellents for Drosophila. Those compounds
are also strong repellents for mosquitoes.

It has been proposed that the events in the peri-receptor com-
partment of the olfactory sensilla define two different types of
olfactory sensory systems (Kaissling, 1998). In the case of the ‘flow
detectors’ the odor molecules entry the sensillum lymph in an irre-
versible way. Stimulus molecules can only be removed from the
perireceptor compartment by enzymatic inactivation. Thus, these
detectors sense the flow of molecules that hit the sensillum wall
and that are irreversible adsorbed (Kaissling, 2013, 1998). Most
olfactory sensilla would act as flow detectors. In the case of the
‘concentration detectors’ the concentration of the stimulus mole-
cules present in the perireceptor compartment is in equilibrium
with the concentration outside the sensillum. This would be due
to the fact that entry in the perireceptor compartment is reversible
so that the stimulus molecules could immediately leave would the
outside concentration be lower than that in the sensillum lymph.
In this case a system to inactivate the stimulus is not necessary.
This would be the case of the CO2 sensory system (and at least
some gustatory sensory systems; Kaissling, 1998). While the
response of the concentration detectors depends exclusively on
the external stimulus concentration, the response of the flow
detectors depends on the external concentration and the relative
velocity of the air respect to the sensillum (due to wind or insect
movement; Kaissling, 1998).

2.2.4. Responses at the central level
As mentioned above, the axons of the insect OSNs project into

the AL where there is both convergence and integration of informa-
tion. This redistribution of information help the ensemble of neu-
rons in the AL properly encode the quality, quantity and the
temporal (e.g., intermittency) and spatial (body region where the
stimulus comes from) pattern of the odor stimulus (Hansson and
Christensen, 1999). It should be noted that quality information
not only refers to identity of single odor compounds but also of
specific mixtures of compounds that activate a pattern of neurons
that is particular to each of them and that cannot be predicted from
the sum of the responses to their individual constituents.

OSNs with the same receptors (i.e., responding to the same odor
compound/s) project to the same AL glomerulus and in most cases,
each glomerulus receives afferent input of only one OSN type
(Ignell et al., 2010; Vosshall et al., 2000). Thus, glomeruli represent
functional units of the AL and they are part of an ‘afferent map’ of
the AL. The number, size and position of the glomeruli are geneti-
cally determined and 3D atlas of the AL of many insect species
including hematophagous, have been published (see Section 2.1.2).
Moreover, a recently published atlas differentiate glomeruli with
terminals of OR-expressing OSNs from glomeruli with terminals
of IR-expressing OSNs (Rytz et al., 2013) while a glomerulus with
terminals of CO2 OSNs (presumably expressing a GR) has also been
found (Guerenstein et al., 2004a; Suh et al., 2004). PNs could arbor-
ize in one or more glomeruli and upon odor stimulation they usu-
ally increase their spike rate and that message is sent to higher
information processing centers.

As we mentioned above, many OSNs are specialized in detecting
a single odor compound. Thus, if the OSNs of the olfactory system
were all specialists each glomerulus would represent a particular
odor compound and the glomerular pattern in the AL would consti-
tute a simple, unequivocal ‘functional (chemotopic) map’ (e.g.,
Hildebrand, 1996). However, because some generalist OSNs occur
and a single odor could stimulate more than one type of OSN
(see Section 2.2.3), the functional AL map is somewhat more com-
plex (Hansson and Christensen, 1999). This complexity could be
reflected by more than one glomerulus responding to the same
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odor compound (so that overlapped responses may occur)
although this type of response could also originate in the neural
interactions within the AL (see below). In any case, the AL
functional map is stereotyped as a particular odor at a certain con-
centration always evokes a similar glomerular activation pattern
even in different individuals of the same species (Galizia et al.,
1999b; Lei et al., 2004; Sachse et al., 1999). The AL functional
map consists on a combinational activation of glomeruli. As natural
odors usually consist on mixtures of several odor compounds,
these are represented in an even more complex combinatorial way.

The LNs are in a good part responsible for the interactions
between neurons arborizing in different glomeruli (Reisenman
et al., 2011). These interactions are frequently inhibitory (involving
GABAergic LNs) although excitatory interactions (involving cholin-
ergic LNs) have been found in Drosophila (Huang et al., 2010; Yaksi
and Wilson, 2010). Thus, AL neurons (largely the LNs) modulate the
afferent glomerular map. Often the neural interactions in the AL
consist on lateral inhibition and could serve to enhance the con-
trast between two patterns of glomerular stimulation
(Christensen et al., 1998).

It has been proposed that apart from the spatial glomerular rep-
resentation of odor quality within the AL the temporal pattern of
stimulation of the AL glomeruli also encodes odor information.
The most important parameters of this temporal pattern would
involve duration of glomerular activation, temporal sequence of
global glomerular activation and synchrony of activation of the
PNs involved in the response (Christensen et al., 2003; Dacks
et al., 2009b; Ignell et al., 2010; Stopfer et al., 1999). Dissimilar
odors could be discriminated through just the spatial representa-
tion whereas to discriminate similar odors both the spatial and
temporal representation would be at play. It should be mentioned
that the representation of odors in the AL is modified by olfactory
learning (Daly et al., 2004).

Odor concentration is in part encoded by the frequency of the
spikes in the individual OSNs and AL neurons involved. However,
due to convergence of information, sensitivity at the level of AL
is higher (Hansson and Christensen, 1999; Ignell et al., 2010).
Moreover, because individual OSNs responding to a particular odor
could respond to a different although overlapping range of concen-
trations (Guerenstein et al., 2004a), the range of concentrations to
which the average AL neuron respond should be broader. PNs
responding independently of the odor concentration have also
been found (Ignell et al., 2010). Odor concentration could also be
represented by the pattern of glomerular activation.

The neuronal circuits within the AL are complex. It is known
that OSNs are cholinergic and synapse with LNs and PNs while
LNs synapse with other LNs, with PNs and could establish presyn-
aptic contact with OSNs (Sachse and Krieger, 2011). The neuronal
interactions already observed in the insect AL include lateral inhi-
bition, lateral excitation, feed-forward excitation, feed-forward
and feed-back inhibition, and disinhibition (Christensen et al.,
1993; Sachse and Krieger, 2011).

As mentioned above odor stimuli travel in an ‘odor plume’ that
consists on filaments of odor interspersed with clean air. An insect
flying toward the source of the odor plume would sense an inter-
mittent pattern of odor stimulation. Some AL PNs are able to follow
that pattern of intermittent odor stimulation up to at least 10 Hz
(Christensen and Hildebrand, 1988; Guerenstein et al., 2004a). This
ability would be related to the fact that those PNs display a partic-
ular response pattern when stimulated with an odor pulse. Their
response consists not just on an excitation but in a triphasic
(�/+/�) or biphasic (�/+) pattern of response (Christensen and
Hildebrand, 1997; Lei and Hansson, 1999; Lei et al., 2009). Thus,
the inhibitory phases of the response (involving GABAergic LNs)
would allow those PNs shunt their response between stimulations
so that the neuron is ready to encode a new odor pulse by a new
train of impulses. That is, only the phasic part of the response
would be displayed and this would roughly correspond to the
moment when the odor hits the antenna. Even when some single
odor compounds can evoke a triphasic response pattern (e.g.,
Dacks et al., 2009b; Guerenstein et al., 2004a), other odor com-
pounds are not able to evoke this response pattern per se.

In the case of the sex pheromone of a moth it has been shown
that a synthetic version of the pheromone blend was able to evoke
a triphasic pattern of response and orientation in an odor plume
only when it has the correct (natural) proportion of the two key
odor constituents (Christensen and Hildebrand, 1997). This
emphasizes the importance of the identity and proportions of com-
pounds when developing a synthetic odor mixture that simulates a
natural blend.

The inhibitory LNs would also play a role in the synchronization
of the response of intra and interglomerulus PNs that participate of
a particular behavioral response (Lei et al., 2002). This synchroni-
zation would accentuate the representation of the olfactory stimu-
lus in the AL and is also important for odor mixture coding (Clifford
and Riffell, 2013). Moreover, it has been proposed that the coding
of odor mixtures is a highly combinatorial process and an array of
mixture-constituents interactions were reported including sup-
pression, hypoadditivity, and synergism (Chaffiol et al., 2012;
Guerenstein et al., 2005; Kuebler et al., 2011). It is known that
the activity of the AL is modulated by the biogenic amines seroto-
nin and octopamin. (Dacks et al., 2012, 2009a; Homberg and
Müller; 1999).

Most information on AL function comes mainly from moths,
locusts, flies and honeybees. In hematophagous insects the pro-
cessing of olfactory information at the central level is largely unex-
plored. Using silicon multielectrode recording arrays we currently
aim at studying the neural networks in the AL of triatomine bugs as
there is already an important amount of information on triatomine
olfaction at the peripheral level (Bernard, 1974; Diehl et al., 2003;
Guerenstein, 1999; Guerenstein and Guerin, 2001; Mayer, 1968;
Taneja and Guerin 1997) and olfactory behavior (Barrozo and
Lazzari 2004a,b; Bodin et al., 2008; Guerenstein and Guerin
2001; Guerenstein and Lazzari, 2010; Taneja and Guerin 1997,
1995) available. Work at the AL level could help us build highly
attractive synthetic odor mixtures as, for example, behavioral syn-
ergistic interactions occur when stimulating hematophagous
insects with those stimuli (mosquitoes: e.g., Bosch et al., 2000;
Smallegange et al., 2005; triatomine bugs: e.g., Barrozo and
Lazzari 2004b; Guidobaldi and Guerenstein, 2013).
3. The olfactory behavior

The hematophagous lifestyle is associated with major morpho-
logical, physiological as well as behavioral adaptations (Lazzari
et al., 2013). The behavioral adaptations are already under study
and include refuge and host finding which largely involve chemical
cues (e.g., Guerenstein and Lazzari, 2010; Takken and Knols, 1999).
Other olfactory behaviors under study include mate finding, as
well as alarm and aggregation behavior. As many blood-feeding
insects are medically important species, a significant amount of
work on their behavior has been carried out. Here we succinctly
summarize some aspects of that work.
3.1. Mosquitoes

Mosquitoes transmit potentially fatal human diseases such as
malaria, yellow fever, dengue and West Nile virus (Qiu and van
Loon, 2010). Olfaction has a major role in the life cycle of mosqui-
toes to ensure survival and reproduction (Dethier, 1957).



F. Guidobaldi et al. / Journal of Physiology - Paris 108 (2014) 96–111 105
Several studies have aimed at understanding how mosquitoes
locate and choose their vertebrate hosts using their odors (e.g.,
Anopheles: Meijerink et al., 2000; Takken and Knols, 1999; and
Aedes: Dekker et al., 2005; Logan et al., 2008). More than 400 com-
pounds have already been isolated and identified from human skin
extracts (Dormont et al., 2013a, 2013b). However only a fraction of
them are detected by the mosquitoes. For example, human skin
emits high amounts of lactic acid, and this compound proved to
be a mosquito attractant (Dekker et al., 2002; Geier and Boeckh,
1999). CO2 is also a known general mosquito attractant
(Guerenstein and Hildebrand, 2008) whereas ammonia (produced
by microbial activity in sweat) attracts An. gambiae and Ae. aegypti
(Braks and Takken, 1999; Geier et al., 1999a). A synergistic attrac-
tive effect was found between lactic acid and CO2 (Geier and
Boeckh, 1999), and between lactic acid, ammonia and a mixture
of aliphatic carboxylic acids (Smallegange et al., 2005, 2002;
Bosch et al., 2000). Addition of CO2 and 3-methyl-1-butanol to
the latter mixture resulted in very high attraction in field condi-
tions (Mukabana et al., 2012). Interestingly, Ae. aegypti females
are able to orient upwind to certain odors even under continuous
odor stimulation, without stimulus intermittency (Geier et al.
1999b).

Oviposition site selection is influenced by visual, tactile, and
olfactory factors, the latter being considered of primary impor-
tance (Ponnusamy et al., 2008). Some odor attractants involved
in this behavior have been identified from plants (Olagbemiro
et al., 2004), feces (Millar et al., 1992), and secretions from mos-
quito larvae, pupae and eggs (Blackwell and Johnson, 2000;
Chadee, 1993; Zahiri et al., 1997). Gravid female Ae. aegypti
respond to a synthetic oviposition attractant blend consisting of
skatole, n-heneicosene, p-cresol and phenol (Baak-Baak et al.,
2013). P-cresol alone also served as oviposition attractant for Ae.
triseriatus (Bentley and Day, 1989; Bentley et al., 1981, 1979) and
Ae. albopictus (Allan and Kline, 1995) whereas skatole has been
reported as an oviposition attractant for C. quinquefasciatus
(Millar et al., 1992; Olagbemiro et al., 2004), Ae. albopictus (Allan
and Kline, 1995), An. gambiae (Blackwell and Johnson, 2000), Tox-
orhynchites moctezuma and T. amboinensis (Collins and Blackwell,
2002).

3.2. Triatomines

Currently, there is consensus that chemical cues play an impor-
tant role in the host- and refuge-finding, and in sexual, alarm and
aggregation behaviors of triatomine bugs (Guerenstein and Lazzari,
2009; Cruz-López et al., 2001).

Adults and nymphs of triatomines spend daylight hours aggre-
gated in crevasses and in caves. It has therefore been suggested
that they may produce aggregation pheromones. Experiments on
the aggregation behavior of several species of Triatoma suggested
that their feces are a source of an aggregation pheromone that
attracts and aggregates bugs in its proximity (Alzogaray et al.,
2005; Lorenzo-Figueiras et al., 2009, 1994; Lorenzo-Figueiras and
Lazzari, 1998; Lorenzo and Lazzari, 1996; Schofield and
Patterson, 1977). The pheromone present in the feces are not spe-
cies specific and are capable of attracting bugs of other species
(Lorenzo-Figueiras and Lazzari, 1998; Pires et al., 2002). The active
constituents of feces can be extracted using polar solvents and
chemical analyses have revealed multiple compounds whose bio-
logical roles are not yet clear (Alzogaray et al., 2005; Cruz-López
et al., 2001, 1995).

Food source detection is achieved via the sensing of air currents
carrying odors, water vapor and heat from vertebrates (Barrozo
et al., 2003; Bodin et al., 2009; Fresquet and Lazzari, 2011;
Guerenstein and Lazzari, 2009; Guerenstein and Guerin, 2001;
Ortiz and Molina, 2010). The stimulation of the triatomine OSNs
by host odors in an air current evokes upwind orientation
(Guerenstein and Lazzari, 2010). In human dwellings triatomine
usually search for food while walking on the ceiling. In this case,
host odors are transported by convection currents and reach the
bugs from below triggering a characteristic behavior: the bugs let
themselves fall onto the host (Guerenstein et al., 1995;
Guidobaldi and Guerenstein, 2013; Pimenta et al., 2007). It is
known that the host odors that attract triatomines include CO2,
carboxylic acids, aldehydes, octenol and ammonia (Barrozo and
Lazzari, 2004a,b; Guerenstein and Guerin, 2001; Guidobaldi and
Guerenstein, 2013; Núñez, 1982; Otálora-Luna et al., 2004;
Taneja and Guerin, 1997, 1995). However, high levels of attraction
are reached only when the odor compounds are presented together
in a particular odor mixture that, up to a certain point, represents a
simplified version of the natural host odor. Thus, synergistic inter-
actions in the responses to odor blends have been observed
(Barrozo and Lazzari, 2004b; Guidobaldi and Guerenstein, 2013).

The mating behavior of various triatomine species has been
studied under laboratory conditions (Cruz-López et al., 2001). Thus,
it was found that mating couples release volatile compounds that
are attractive to males (Manrique and Lazzari, 1995). Further work
revealed that a particular gland of adult females is the source of
this sexual pheromone (Crespo and Manrique, 2007; Manrique
and Lorenzo, 2012; May-Concha et al., 2013). The pheromone con-
sists of a complex mixture of ketones, alcohols, dioxolanes and
aldehydes (Manrique et al., 2006; May-Concha et al., 2013;
Pontes et al., 2008; Vitta and Lorenzo, 2009). In contrast to mosqui-
toes intermittency of the CO2 odor-plume seems not to play a rel-
evant role for orientation (Barrozo and Lazzari, 2006).

When disturbed, triatomines release a pungent odor that repels
conspecifics (Schofield, 1994). This alarm pheromone is composed
of isobutyric acid and a complex mixture of other volatiles includ-
ing short-chain esters and acids (Cruz-López et al., 1995; González-
Audino et al., 2007; Guerenstein and Guerin, 2004; Manrique et al.,
2006; May-Concha, 2010) produced by a gland present in both
male and female adults. (Manrique et al., 2006; May-Concha
et al., unpublished data on Triatoma dimidiata; Minoli et al., 2013).

3.3. Tsetse flies

The role of olfaction in the host-oriented behavior of tsetse flies
has been studied. Odors play a role in host location although the
relative importance of olfactory stimuli varies between species.
For the Morsitans-group (Glossina pallidipes and G. m. morsitans),
host odors elicit long range (�100 m) orientation whereas the Palp-
alis group (G. palpalis spp. and G. fuscipes spp.) are much less
responsive (Torr and Solano, 2010). Several field studies on the
Morsitans-group suggested three main phases in their orientated
responses to a host: 1. odor-induced activation, which marks the
initiation of host-orientated responses and search for directional
cues (Brady and Crump, 1978; Hargrove and Brady, 1992; Torr
and Hargrove 1999; Torr, 1988a); 2. long-range odor responses
that induce tsetse to fly upwind (Gibson and Brady, 1988, 1985;
Griffiths et al., 1995; Torr, 1988b); and 3. short range responses
which lead to landing and feeding on the host (Gibson and Torr,
1999; Sutcliffe 1987). It has been observed that the short range
location is largely a response to visual cues. Indeed, tsetse are
unable to locate an odor source precisely without a visual target
(Vale, 1974) and flies approaching an odor source can be diverted
towards an odorless visual target (Torr, 1989). However, although
host odors appear to have no effect on close-range orientation they
do increase landing responses (Hargrove, 1980; Vale, 1974;
Warnes, 1995).

Various field and laboratory studies have assessed whether the
components of host odor have specific behavioral effects
(Willemse and Takken, 1994). Laboratory and field studies both
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suggest that CO2 has an important activating effect whereas other
components such as acetone or octenol do not (Bursell, 1984; Torr,
1988a). In addition, tsetse exhibit long range anemotaxis
(Kennedy, 1977) in response to CO2 (Colvin et al., 1989), acetone
and octenol (Bursell, 1984; Paynter and Brady, 1993). Field studies
have also shown strong synergistic attraction effects between CO2

and both octenol and acetone (Torr, 1990; Vale and Hall, 1985).
3.4. Sandflies

A number of studies highlighted the importance of odors in
sandfly (phlebotome) host-seeking by demonstrating attraction
to odors produced by animal baits in the field (e.g., Campbell-
Lendrum et al., 1999). Moreover, attraction of sandflies to CO2

has been recorded in the field in different species (L. longipalpis;
Quinnell et al., 1992; L. evansi; Montoya-Lerma and Lane, 1996;
L. whitmani; Campbell-Lendrum et al., 1999). However, although
many species of sandflies respond to CO2 to some extent, it is
unlikely to be the sole mediator of attraction. In field
experiments CO2 attracted less than half the number of sandflies
caught using whole human odor (Pinto et al., 2001). Thus,
laboratory studies have demonstrated that other odor constitu-
ents that female L. longipalpis use to locate a suitable host
include carboxylic acids (e.g., 2-methyl propanoic acid), ketones
(e.g., 4-methyl-2-pentanone) and aldehydes (e.g., benzaldehyde)
(Dougherty et al., 1999).

It is known that chemical signals have a key role in both court-
ship and sexual behavior in general (Lane and Ward, 1984). The sex
pheromone of male L. longipalpis and L. cruciata is produced by
glandular tissue underlying cuticular papules (Mangabeira, 1969;
Serrano, 2013). Live males and extracts from the gland were found
to be attractive on their own and in combination with host odor to
unfed virgin females (Hamilton et al., 1999, 1994; Lane et al., 1985;
Lane and Ward, 1984; Morton and Ward, 1989; Serrano, 2013). The
active compounds of the gland are terpenes (Krishnakumari et al.,
2004; L. longipalpis: Hamilton et al., 1999; L. cruciata: Serrano,
2013).

Chemical cues from eggs are attractive to conespecific gravid
females (Dougherty and Hamilton, 1997; Dougherty et al., 1995,
1992; El Naiem and Ward, 1992). The origin of the oviposition
pheromone was traced to the accessory glands of the post
blood-fed female and the chemical was identified as n-dodecanoic
acid (Dougherty and Hamilton, 1997).
4. Conclusions

Knowledge about insect communication through odors could
lead to the development of efficient and practical attractants and
repellents to manipulate the behavior of harmful insects. Inhibition
of their olfactory function is also conceivable (Turner et al., 2011;
Logan et al., 2008; Guerenstein et al., 2004a). It should be empha-
sized that in order to efficiently manipulate olfactory behavior the
natural context associated with each particular odor signal must be
understood and taken into account. Knowledge on hematophagous
insect olfaction has already helped improve strategies for surveil-
lance and control of these important vectors of disease (Carey
and Carlson, 2011) and much progress should be expected in the
near future driven by the high amount of information that is
now being generated on the molecular bases of the olfactory
system. Future challenges include studying how information about
odor mixtures is processed in the brain of blood-feeding insects.
This could accelerate the development of highly attractive
synthetic odor blends to lure them into traps.
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