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Abstract Natural olfactory stimuli are often complex
mixtures of volatiles, of which the identities and ratios of
constituents are important for odor-mediated behaviors.
Despite this importance, the mechanism by which the
olfactory system processes this complex information
remains an area of active study. In this review, we describe
recent progress in how odorants and mixtures are processed
in the brain of insects. We use a comparative approach
toward contrasting olfactory coding and the behavioral
efficacy of mixtures in different insect species, and organize these topics around four sections: (1) Examples of the
behavioral efficacy of odor mixtures and the olfactory
environment; (2) mixture processing in the periphery;
(3) mixture coding in the antennal lobe; and (4) evolutionary
implications and adaptations for olfactory processing. We
also include pertinent background information about the
processing of individual odorants and comparative differences in wiring and anatomy, as these topics have been
richly investigated and inform the processing of mixtures
in the insect olfactory system. Finally, we describe exciting
studies that have begun to elucidate the role of the processing of complex olfactory information in evolution and
speciation.
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Abbreviations
AL
Antennal lobe
AN
Antennal nerve
GABA c-Aminobutyric acid
LH
Lateral horn of the protocerebrum
LN
Local interneuron
eLN
Excitatory local interneuron
iLN
Inhibitory local interneuron
MB
Mushroom bodies
MGC
Macroglomerular complex
OB
Olfactory bulb
OR
Olfactory receptor
OBP
Odorant binding protein
ORC
Olfactory receptor cell
PN
Projection neuron

Introduction
For an insect attempting to locate an odor source, the
olfactory environment is dynamic in space and time. The
olfactory environment is also complex—a single point
source can emit more than 300 volatiles that, in turn, are
mixed with the odor ‘‘background.’’ Insects use this complexity to identify and discriminate odor sources by processing a few volatiles in the bouquet (Riffell et al. 2009a,
b). The olfactory processing of the ‘‘key’’ constituents in
the bouquet can depend on their presence and proportion in
the bouquet. For instance, the apple maggot, Rhagoletis
pomonella, can discriminate between the fruit from different host plants based on a few compounds in the fruit
scent (Linn et al. 2012), and the honeybee, Apis mellifera,
can generalize between mixtures based on the constituent
proportions (Wright et al. 2005). The behavioral efficacy of
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mixtures compared to single odorants in a variety of insects
further demonstrates that the olfactory system transforms
multiple input streams into a coherent percept (reviewed
Lei and Vickers 2008; Riffell et al. 2009a).
Olfactory systems have evolved to distinguish behaviorally relevant odors from irrelevant ones efficiently and
in a variety of contexts (Baker 2008; Ibba et al. 2010;
Riffell 2012). As reviewed in Lei and Vickers (2008),
the different ways that the olfactory system processes an
odor mixture relative to its component parts aid in this
discrimination: One type of processing is termed elemental, analytical, additive, or dissociative. In this type
of processing, the response to a mixture is the same as a
linear sum of the responses to its components. Elemental
processing retains information about the individual
components of a mixture when representing the mixture
in the olfactory system. Another type of processing is
termed configural, synthetic, non-linear, non-additive, or
associative (Fig. 1). In this case, the response to a
mixture is not the same as a linear sum of the responses
to its components. Configural processing allows for the
perception of an odor mixture as something novel—
distinct from, and even potentially unrelated to its
chemical components. The olfactory system may code a
given mixture using both types of processing, potentially
retaining information about components of a mixture
while still representing it as a novel percept (reviewed
by Lei and Vickers 2008).
Representation of this complex olfactory information
can occur in the insect peripheral sensory organs (antennae,
maxillary palps), the brain, or both. In recent years, there
has been considerable interest into how the antennal lobe
(AL), the first synaptic connection in the insect brain,
modifies the olfactory input from the periphery, in

particular when the stimulus is a complex mixture of
odorants (Laurent 2002; Wilson 2008; Kuebler et al. 2012).
The AL receives afferent input from both the maxillary
palps and antennae (Pitts et al. 2004; Guerenstein and
Hildebrand 2008; reviewed by Stocker 1994; Ignell et al.
2005; Hansson and Stensmyr 2011), further demonstrating
that this region is an important site for combinatorial processing of odor.
The study of processing of olfactory information in a
variety of insect species has recently expanded in the last
decade (reviewed by Martin et al. 2011). This new information provides a comparative approach toward understanding how olfactory information is processed in the
insect brain. Furthermore, it allows the generation of
hypotheses for the evolution of olfactory circuits and how
ecological processes may select for different coding strategies in the olfactory system.
In this review, we describe recent progress in how
mixtures are processed in the brain of insects. More recent
insect olfaction reviews, as well as reviews in this special
issue, have described some of the mechanisms associated
with the processing of odorant (Wilson 2008; Martin et al.
2011) and mixture input (Lei and Vickers 2008; Riffell
2012; Smith 2013, submitted). In this review, we use a
comparative approach toward comparing and contrasting
olfactory coding and the behavioral efficacy of mixtures in
different insect species. Specifically, this review is organized around four foci:

Fig. 1 Configural and elemental processing in the AL. In this
illustration of processing in the antennal lobe, we show the response
of glomeruli to imaginary compounds A and B alone, as well as to a
binary mixture of the two. When processed elementally, the response
to the mixture is a linear summation of the responses to compound A
and compound B. By contrast, when processed configurally non-

additive representation occurs. Additional glomeruli may be recruited
by lateral excitation (green) and the responses of some glomeruli may
be inhibited by higher activity in others (red in compound B, pink in
mixture), potentially resulting in mixture suppression, or lower
activity in response to a mixture than what would be expected by
summing the responses to its components
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Examples of the behavioral efficacy of odor mixtures
and the olfactory environment.
How this complex information is initially processed in
the periphery.
Mixture coding in the AL.
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•

Evolutionary implications and adaptations for olfactory
processing.

Finally, we describe exciting future topics for olfactory
research, and highlight studies that illuminate how the
processing of complex olfactory information drives
behavior, and how olfaction-driven behaviors interact with
ecological and evolutionary processes.

The olfactory environment
Volatile olfactory stimuli are restricted by molecular
weight (\300 Da) and polarity. Thus, there are a limited
number of natural volatiles, on the order of a few thousand,
in the environment (El-Sayed 2012). The number of insect
species that use these volatiles for reproduction, food
resource identification, and host site location far exceeds
this number (reviewed by Hansson and Stensmyr 2011).
While one class of volatiles may be more important for one
insect species over another—e.g., mosquitoes that are
highly responsive to aliphatic compounds while fruit flies
are responsive to esters—it has repeatedly been shown that
mixtures of volatiles at specific ratios are an important
classifier for stimulus identity.
The mixture of volatiles emitted from a source can vary
in its complexity. Certain odor sources may emit a scent
that is dominated by a few volatiles of a particular chemical class, but these volatiles may be particularly important
in attracting a given insect (Peakall 1990; Schiestl et al.
1999, 2003; Ayasse et al. 2000). For example, the nightblooming Cereus flower, Peniocereus gregii, emits a fragrance dominated by benzenoid compounds that are
attractive to crepuscular hawkmoths (Raguso et al. 2003;
Riffell et al. 2013). By contrast, other odor sources can be
complex in either volatile number and/or chemical class; a
rose emits more than 400 volatiles in its bouquet and body
odor from a human can contain more than 300 volatiles. In
many cases, the insect olfactory system has been shown to
‘‘filter’’ this complexity by processing only a few volatiles
in the scent for odor identity (Wright et al. 2005; Riffell
et al. 2009a; Reinhard et al. 2010).
Beyond odor identity and complexity, olfactory stimuli
are temporally and spatially dynamic. Once emitted by a
source, volatiles become subject to the physical forces of
moving air. The advection and turbulent mixing by the air
flow cause the odor to be broken up to discrete packets, or
filaments, that are spatially and temporally complex
(reviewed by Riffell et al. 2008). Mixing of the odor-laden
eddies with clean air causes odor intensities to drop. Furthermore, turbulent and molecular diffusivity cause volatiles from the odor source to become embedded with the
ambient air—which contains its own unique ‘‘signature’’ of
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volatiles. Thus, the odor ‘‘background’’ may modify the
‘‘signal’’ of the odor source. The mechanisms by which the
insect olfactory system filters the signal from the background remain unclear.

Behavioral responses to mixtures
Determination of how the olfactory system processes natural stimuli has benefitted from behavioral experiments, in
particular in response to innately attractive cues. Behavioral responses to sex pheromones have been well studied,
and the recent work on the neurobiological mechanisms
controlling motor output and behavioral response has
continued to expand our understanding of how these cues
are processed. The male-specific olfactory system in
moths, which is specialized to detect the features of conspecific females’ sex-pheromone volatiles, has been a
model system for the last 40 years. Male moth attraction to
the female’s pheromone has been shown to be driven by
the blend of two or three volatiles in the female’s bouquet
(Baker 2008). By contrast, 11-cis-vaccenyl acetate, an
apparently multifunctional pheromone in Drosophila melanogaster, is one component sufficient for mediating
aggregation in the fruit flies (Bartelt et al. 1985; Wertheim
et al. 2002) as well as indicating the mating state of a
female to responsive males (Ha and Smith 2006; Ejima
et al. 2007).
Beyond volatile pheromone signals in Lepidoptera and
Diptera, Hymenoptera employ a wide suite of pheromone
signals that are diverse in the number, class, and intensities
of volatiles in the odor, as well as the diversity of effects
the pheromones have on behavior (Slessor et al. 2005;
Le Conte and Hefetz 2008). For instance, bee pheromones
mediate hive defense (Hunt 2007), foraging (Thom et al.
2007), and queen primacy (Vergoz et al. 2007; Strauss
et al. 2008). Taken together, pheromone signals often are
complex mixtures of volatiles with multiple physical and
behavioral effects (Ferveur 2005; Siwicki et al. 2005).
Finally, diverse insects also can learn associations
between volatile stimuli and rewards in the natural environment. For example, honey bees can learn the scent of
flowers that are profitable to visit (i.e., are yielding nectar
and/or pollen) (Chittka and Raine 2006), and locusts—
voracious, generalist feeders—have the ability to associate
olfactory stimuli with the quantity and nutritional quality of
food sources (Behmer et al. 2005). In two related species of
parasitic wasps, the ability to associate volatiles with the
presence of host caterpillars correlates with the behavioral
plasticity demanded by the distribution of their respective
host species (Bleeker et al. 2006; Smid et al. 2007). The
Carolina sphinx moth Manduca sexta exhibits an innate
attraction to certain host flowers, but can learn to feed from
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others when the preferred flowers are scarce (Riffell et al.
2008, 2013).

Peripheral processing
The first level of the neural coding of odors occurs in the
periphery. The binding of an odorant to an odorant receptor
(OR) on the surface of a sensory neuron (located on the
antenna or maxillary palp) is the first step in the transformation of environmental chemical signal to olfactionmediated behavior in an insect. There have been several
recent reviews of insect olfactory processing at the
periphery (Vosshall and Stocker 2007; de Bruyne and
Baker 2008; Su et al. 2009), but here we discuss past and
more recent findings of mixture processing at this level.
Olfactory receptors, olfactory receptor cell (ORC)
populations, and mixture coding in the periphery
ORs are capable of binding diverse sets of odorants; variation in their genetic sequences provides different binding
affinities for volatiles present in the environment (Robertson
et al. 2003, 2010; Robertson and Wanner 2006). This
greater or lesser affinity results in a broader or narrower
‘‘tuning,’’ or specificity for a given chemical (cf. Qiu et al.
2006). It is thought that narrowly tuned receptors are meant
to transmit information about biologically important
odorants (Wilson and Mainen 2006). This tuning may in
turn cause competitive interactions between odorants to
take place, resulting in non-linear responses by the sensory
cell, including additive or suppressive responses to a
stimulus (Derby 2000; Münch et al. 2013). Some of these
interactions may occur when ligands for an OR compete
for its binding site; known as ‘‘syntopic interaction,’’ this
phenomenon can cause mixture suppression at high concentrations and may contribute to concentration invariance,
or the ability of an organism to classify a mixture as the
same percept at different concentrations (Münch et al.
2013).
Beyond the receptor and corresponding ORC that
expresses the receptor protein, the ORC itself is housed in
sensilla on the antenna or maxillary palp. Sensilla contain
multiple ORCs with distinct neuronal identities, thus providing a mechanism by which mixtures can be processed at
the periphery (de Bruyne et al. 2001). Although the
structure and function of insect ORs appears superficially
similar to those of vertebrates, there are some crucial differences. Unlike vertebrate ORs, insect ORs require the
assistance of OR 83b (‘‘Orco’’) to migrate to the ORC
membrane (Benton et al. 2006; Vosshall and Hansson
2011), and OR 83b is highly conserved across the insect
phylogeny. Additional differences exist in the structure of
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the ORs and their roles in negative feedback, complicating
the use of insects as models for vertebrate olfaction
(reviewed in Benton 2006) and highlighting the diversity of
olfactory systems that have evolved across the animal
phylogeny.
For invertebrates, some of the most thorough work on
mixture processing at the periphery has come from work
with lobsters. Using electrophysiological recordings of
ORCs on lobster antennule, Derby and collaborators
demonstrated that mixtures elicited responses significantly
different from the responses expected based on single
odorant responses (Derby et al. 1984, 1985, 1991a, b; Carr
and Derby 1986; Gentilcore and Derby 1998). This work
demonstrated four key points. First, mixtures often elicit
non-additive responses in ORCs, with mixture suppression,
where the response to the mixture is less than the response
predicted by its components, tending to dominate (Derby
et al. 1991a). Second, suppression in the population of
ORCs to binary mixtures results in a decrease in sensitivity
that is further reflected in suppressive responses in olfactory interneurons in the brain (Derby et al. 1985, 1991a).
Third, the change in response by the ORC population
provides a coding mechanism to represent the odor stimulus (Derby et al. 1991b). Finally, the unique mixtureevoked responses could be due to competitive binding
interactions at the receptor (Gentilcore and Derby 1998), as
well as non-competitive mechanisms like ephaptic coupling (Derby et al. 1991a) (Fig. 2a). Importantly, electrophysiological responses could also be correlated with
behavior (Carr and Derby 1986; Daniel and Derby 1991;
Finelevy and Derby 1992; Livermore et al. 1997).
In parallel with work with lobsters, electrophysiological
recordings of ORCs in the insect sensilla also showed nonadditive effects when the insect was presented with odor
mixtures. For example, vegetative odorants were demonstrated to modulate pheromone receptors when presented in
isolation or simultaneously (van der Pers et al. 1980), and
host plant odorants could synergize with, or inhibit, pheromone-evoked responses (synergize: Ochieng et al. 2002;
inhibit: Party et al. 2009; Andersson et al. 2010; Rouyar
et al. 2011; Deisig et al. 2012 and references therein). More
recent work in D. melanogaster showed similar non-additive effects that can operate on a single OR, presumably
through competitive binding (Su et al. 2011) and through
interactions between ORCs housed in the same sensilla (Su
et al. 2012), known as ephaptic coupling. When an ORC—
expressing a well-characterized OR—was stimulated with
a binary mixture of suppression- and excitatation-evoking
odorants, the temporal response characteristics were modified such that duration of the excitatory response was
increased or decreased depending upon the ratio of the two
odorants (Su et al. 2011). In a second study, the response of
one ORC was non-synaptically inhibited by transient
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Fig. 2 Mixture processing in the periphery, antennal lobe, and
higher-order regions. a Peripheral processing: top in most insects, all
olfactory receptor cells (lines of colored circles) that express a given
olfactory receptor protein in the periphery converge to the same
antennal lobe glomerulus (large gray circle) before information is
transmitted to higher-order brain regions (green square). Bottom
ephaptic coupling occurs between two olfactory receptor cells that
share the same sensillum on the insect antenna. This can be a
mechanism for configural mixture processing in the periphery.

b Mixture processing and behavior: synchronized activity in the
antennal lobe can result in changes in higher-order processing that
lead to behavior and/or learning. The top panel shows the moth
Manduca sexta responding to a behaviorally effective floral scent
mixture with proboscis extension. A reward for this behavior can
cause positive feedback, resulting in changes in the brain. The bottom
panel shows the same moth reacting to a behaviorally ineffective odor
mixture

activation of the neighboring ORC (Su et al. 2012).
Together, these results suggest that mixture interactions at
both the receptor and cellular scales may contribute to the
unique coding of the mixture and the binding of the odorant
‘‘features’’ into a unified percept.

exclusively on the fruit of Morinda citrifolia (Farine et al.
1996; Dekker et al. 2006). Morinda is toxic to other Drosophila larvae, but D. sechellia has evolved resistance to
these toxins (Jones 1998). The olfactory system of D. sechellia is specialized to detect the mixture of volatiles
released by Morinda. Relative to D. melanogaster, D. sechellia has increased expression of sensillum ab3 by
150–200 % (Dekker et al. 2006). Sensillum ab3 houses the
ab3A neuron, which is activated by hexanoate esters, and
the ab3B neuron, which is activated by 2-heptanone (Ibba
et al. 2010); both of these compounds are important for
mediating attraction to Morinda fruit (Dekker et al. 2006;
Ibba et al. 2010). This specialization comes at the expense
of other sensilla; compared to the closely related D. melanogaster, D. sechellia has reduced expression of ab1 by
60–80 % and of ab2 by 93–100 %, and has altered the
tuning of ab1 (Dekker et al. 2006). The ab3A neurons of
D. sechellia are also ten times more sensitive to methyl
hexanoate than those of D. melanogaster, which could be
due to a narrowing in tuning of OR22a mediated by a
change of only nine amino acids, and also potentially by an
increase in the expression of OR22a within that ORC
(Dekker et al. 2006). It is thought that this Morinda specialization in D. sechellia may also have been mediated by
a loss of innate repulsion to Morinda’s toxic acids due to a
change in expression of two types of odorant binding
protein (OBP); these OBPs are found in the leg gustatory
sensilla and are responsible mediating repulsion to hexanoic and octanoic acids in other drosophilids (Matsuo et al.
2007; reviewed by Hansson and Stensmyr 2011). Previous

Evolutionary changes in the periphery: olfactory
specialization and speciation
Because olfaction is thought to be the most indispensable
sensory system to most insects (Strausfeld 2012), changes
to the olfactory system may profoundly change how a
given insect perceives the world and how it behaves. Such
olfactory changes can mediate significant ecological and
social changes in an insect species, such as niche shifting to
a new host plant or altering mate choice; more broadly,
these changes can lead to reproductive isolation and speciation. Alteration in the olfactory periphery may take the
form of transformation of the tuning of ORs, the abundance
of a given ORC type, or the ratio of ORC types present.
Some of the well-studied examples of sympatric speciation (speciation without geographic separation) result
from shifts in insect–host plant relationships due to changes in the insect olfactory system. The relationship between
species of Drosophila and Morinda fruits and the presently
occurring host shifts of the apple maggot fly (R. pomonella)
are particularly good models (Coyne and Orr 2004). Drosophila sechellia is closely related to the model organism,
D. melanogaster, which is an ecological generalist. By
contrast, D. sechellia is extremely specialized, ovipositing
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research has shown that these peripheral changes lead to
changes in the antennal lobe and to behavioral differences
in response to mixtures of Morinda fruit headspace volatiles, which are later discussed in detail in this review. In
light of the recent findings by Su et al. (2012), future work
might investigate if there are any interactions between
ab3A and ab3B neurons through ephaptic coupling
(Fig. 2a), since they share the ab3 sensillum and both
mediate attraction to Morinda fruit.
The three races of R. pomonella, commonly known as
the apple maggot fly, also show specialization in the
olfactory periphery. Each race of this species is specialized
to mate and oviposit on the fruits of apple, dogwood, or
hawthorn trees, and shows behavioral preference for the
scent of their host (Zhang et al. 1999; Nojima et al. 2003a,
b; Linn et al. 2003, 2005). It has been proposed that these
preferences are mediated by differences in the tuning of
ORs, specifically their response thresholds and temporal
firing patterns (Olsson et al. 2006c), rather than differences
in the types of ORs present or in the ratio of OR types
present on the antenna (Olsson et al. 2006b). This may
have led to reproductive isolation between the races of R.
pomonella, even though they live in sympatry. Remarkably, the host shift from the native downy hawthorn to the
introduced domesticated apple, Malus domestica, in the
eastern United States has occurred in the last 150 years
(McPheron et al. 1988; Linn et al. 2003). The evolution of
additional shifts between host plants in the western United
States may have occurred even more recently, perhaps
within the last 60 years (Linn et al. 2012)—an incredible
pace for the process of speciation. This rapid change
underscores the critical importance of olfaction in insect
behavior, ecological niche selection, and evolution. It also
underscores the importance of mixture processing in host
shifts, since dogwood, apple, and hawthorn fruits share
physiologically effective volatiles (Olsson et al. 2006a).
More work needs to be done to identify modifications in
the central olfactory system, such as differences in glomerular size or organization in the AL between races, since
these alterations likely occur in parallel to modifications in
the periphery (see the review by Hansson and Stensmyr
(2011) for additional information).
Future work in the periphery
Valuable future work in blood-feeding insects (e.g., mosquitoes, kissing bugs) could lead to important advances in
our understanding of mixture processing and the evolutionary processes regulating shifts between zoophily (animal-preferring) and anthropophily (human-preferring)
insects. Because the volatiles emitted from human hosts are
blends of many compounds, understanding olfaction-mediated host-seeking and mixture processing in the olfactory
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systems of disease vectors may help us find ways to repel,
trap, or confound them, and thus help us control the spread
of diseases like malaria, dengue, leishmaniasis, Chagas
disease, and more (reviewed by Carey and Carlson 2011).
In addition, future work could investigate peripheral
changes in other classic sympatric speciation models as
listed in Coyne and Orr (2004), such as the soapberry bug.
Finally, the contribution of processes like ephaptic coupling, interaction between chemicals prior to reaching
receptor sites, competition between chemicals for access to
receptor sites, and feedback from the antennal lobe on
natural mixture processing in the periphery could be
studied in greater depth to determine if these processes
might play a role in downstream spatial and temporal
coding.

Antennal lobe processing
After the airborne chemical mixture is transduced into an
electrical signal by the ORCs, it is processed in the
antennal lobe, the primary processing center in the insect
brain (Hildebrand and Shepherd 1997), which is partitioned
into functional subunits called ‘‘glomeruli.’’ The olfactory
system can recognize and distinguish odor mixtures as
patterns of spatial and temporal activity in AL glomeruli. A
common feature for many, but not all, insects is that ORCs
that express a given OR project to the same glomerulus
within the antennal lobe (Bargmann 2006) (Fig. 2a). When
a complex mixture encounters the insect antennae, many
types of ORCs can respond, thereby driving activity in
multiple glomeruli. Local interneurons (LNs), whose processes are fully contained within the AL, may connect
glomeruli such that activity in one glomerulus can modify
activity in another when both are stimulated. These interactions—as well as characteristics of the synapses that
connect ORCs and the neurons that project from the AL to
higher-order regions of the brain (projection neurons, or
PNs)—may modify the signal for a given mixture substantially from what was input into the ALs by the ORCs
(Olsen and Wilson 2008). This can result in the coding of
the mixture as a percept unique from its components even
before the signal is processed by higher-order brain
regions, termed configural processing (Kuebler et al. 2012).
For example, work by Deisig et al. (2006, 2010) in the
honey bee found that mixture responses from ORCs were
largely elemental, or linearly predictable from responses to
mixture components, while output from the AL to higherorder brain regions by PNs was more configural, which
allowed for greater separation of similar mixtures in
olfactory space.
This section of our review will explore how odorants
and mixtures are coded by the population of AL neurons,
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the mechanisms of such coding, comparative differences in
AL organization and coding, and how changes in AL
processing can play a role in larger evolutionary shifts.
Population coding
The identity, concentration, and temporal dynamics of a
mixture are coded by the spatial and temporal activity of
the population of AL neurons (Galizia and Szyszka 2008).
Spatial and temporal coding
Olfaction is unlike other senses, such as audition and
vision, where the spatial pattern of receptors at the
periphery is mirrored by a similar spatial organization in
the brain. Instead, ORCs express a specific OR, but are
distributed semi-randomly on the antennal surface. All of
the ORCs that express a given OR type project to a specific
glomerulus in the antennal lobe, thereby forming a
chemotopic map, the temporal and spatial activity of which
encodes odor properties such as identity and concentration.
Again unlike in vision and audition, the spatial representation of the odor in the brain reflects odor properties like
identity rather than spatial characteristics of the stimulus
in the environment (reviewed by Martin et al. 2011;
Strausfeld 2012). The spatial patterns of glomerular
activity that encode a given odorant or odor mixture are
often consistent within a species (Galizia et al. 1999),
indicating that conspecifics process and perceive odorants
similarly within the AL. Temporal features of AL activity,
such as spike synchrony and latency (Meyer and Galizia
2012; reviewed by Laurent 2002), are also critical for
coding chemical as well as temporal features of an odor
plume.
However, processing within the AL can modify the
afferent input. Insect AL glomeruli exist at the interface of
ORCs, PNs, and LNs (Silbering and Galizia 2007), so
mixture information transmitted to the AL by the ORCs is
modified—in both spatial and temporal aspects—by interaction with the population of LNs. LNs and PNs also have
been shown to have a much larger array of neurotransmitter
and neuropeptide profiles than historically thought (Utz
et al. 2007; Neupert et al. 2012; reviewed by Nässel and
Winther 2010), in addition to morphological and physiological differences (Chou et al. 2010), adding complexity
to the AL network responsible for mixture processing.
Mixture information is also modulated by centrifugal
neurons within the AL before being conveyed to higherorder brain regions by the PNs. PN and LN activity is
modified with respect to firing frequency, latency, spatial
location, and temporal pattern in ways that cannot be
predicted by any general rule (Kuebler et al. 2011). Temporal patterns of activity by neurons, such as synchrony in
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the firing of PNs, can selectively drive higher-order neurons to mediate behavior (Perez-Orive et al. 2002; Riffell
et al. 2009a, b; reviewed by Martin et al. 2011) (Fig. 2b).
These modifications of coding by the AL network, in
addition to properties of the AL neurons themselves, allow
the AL neural population to encode mixtures as percepts
distinct from their individual components, as well as allow
the animal to perceive mixtures differently in different
ambient odor environments, as different contexts for a
given odor might require different behavioral responses.
The pheromone systems of Lepidoptera present fantastic
examples of both of these. Studies in some moths have
shown that there are different types of neurons in the
macroglomerular complex (MGC) of male moths, a set of
AL glomeruli specialized to process sexual odors. Some of
these of neurons (both projection neurons and interneurons,
which are discussed later in this section) are broadly
responsive to both pheromone blends and to single components of blends; others are more selective, responding to
a smaller range of these stimuli, or only to specific blends
of certain components in certain ratios. Thus, during processing in the AL, some information about individual
pheromone components is preserved, but there is also
mixture-specific AL activity (Christensen et al. 1989; Wu
et al. 1996). There are also effects of environmental context
on pheromone detection for male moths. In some moth
species, the response to the plant odor ? pheromone blend
is suppressed, or decreased in strength relative to that of the
pheromone blend alone, but this suppression may be paired
with an increase in temporal resolution (Chaffiol et al.
2012; Deisig et al. 2012). However, in other species,
pheromone blend and plant odor responses synergize and
result in a response of greater strength than the pheromone
blend alone in MGC neurons (Namiki et al. 2008; Trona
et al. 2010). These interactions underscore the importance
of mixture processing not just for coding blends that
originate from a given source (eg., a given flower, a female
moth, etc.), but also for modulating that coding based on
odorants emitted by other environmental sources.
Comparison between species in spatial and temporal
coding
Laurent (2002) proposed that a large ‘‘coding space’’ is
necessary to process olfactory stimuli, given the complexity and noisiness of environmental odor mixtures. The
large size of the ‘‘coding space’’ created by the AL is made
possible by the large number of possible permutations of
spatial and temporal activity. However, the ways in which
different insect species create an olfactory ‘‘coding space’’
large enough to meet their computational needs differ
dramatically. Neural wiring and glomerular organization
play a large role in this process, as each additional
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glomerulus can add an additional dimension to ‘‘coding
space’’ (Galizia and Szyszka 2008). These differences are
particularly stark in the locusts, which exhibit many more
intra-AL connections than other insects, resulting in a
dramatic expansion of ‘‘coding space’’ (reviewed by
Laurent 2002; Martin et al. 2011). As a probable result of
these differences in organization, locusts appear to show
markedly greater reliance than other insects on temporal
coding strategies to encode odor identity and concentration.
However, it is also possible that the anatomical connectivity of microglomeruli could simply reflect ‘‘expanded’’
glomeruli; in other words, that groups of microglomeruli
form functional subunits that are analogous to unique
glomeruli in other taxa. If this is the case, coding space in
locusts would not be as expanded relative to other insects
as proposed by Laurent (2002).
In locusts, the population of neurons involved in the
response to an odorant evolves over the course of the
response, synchronized with local field potential oscillations of about 20 Hz. While other insects show temporal
signatures in their neural responses that may be especially
important for mixture coding (Riffell et al. 2009a, b), as
well as some oscillatory synchronization (bees: Galizia and
Szyszka 2008; moths: Heinbockel et al. 1998; Christensen
et al. 2003; flies: Wilson and Laurent 2005), the locust’s
comparatively extreme change of the spatial representation
over time provides a mechanism for odorant input that
produce very small differences in ORC response that can
be coded uniquely in the AL over the course of the oscillations (Laurent 2002). The locust’s ‘‘coding space’’ may
be enlarged by the inclusion of dynamics of the response
patterns, as well as increased unique spatial possibilities as
a result of their microglomerular organization (Laurent
2002); this may result in greater resolution between similar
odors, and perhaps greater resolution between similar
odorant mixtures. However, the greatly expanded ‘‘coding
space’’ of the locust may come at the price of response
speed: locusts can respond to olfactory stimuli with PN
spikes up to 20 Hz, the frequency of their local field
potential oscillations, while moths can respond to stimuli at
up to 100 Hz, and flies and bees up to 200 Hz (moths:
Vickers et al. 2001; flies: Bhandawat et al. 2007). In
locusts, moths, flies, and bees, the important temporal
coding feature of PN spike synchronization is the result of
the activity of inhibitory LNs in the AL (MacLeod and
Laurent 1996; Lei et al. 2002; Galizia and Szyszka
2008; Ito et al. 2009; Tanaka et al. 2009). The locust’s
atypical AL coding may also require additional downstream decoding strategies like decorrelation (Laurent
2002) not observed in other insects. These phylogenetic
differences in the architecture of the ‘‘coding space’’
affect how both mixtures and single odorants are processed and discriminated.

123

J Comp Physiol A (2013) 199:911–928

Role of ORCs and projection neurons in gain control
Control of gain (the change in signal amplitude between
input and output) is critical for the maintenance of sensitivity to a given stimulus, the encoding of stimulus intensity, and the capability to reliably encode the identity of a
given stimulus despite a wide range of possible concentrations in the environment (Bhandawat et al. 2007;
Kazama and Wilson 2008). In the AL, gain control is the
result of properties of the synapses between ORCs and AL
projection neurons, the network of LNs connecting
glomeruli, and the aminergic neurons innervating the ALs
from higher-order brain regions.
Work in Drosophila suggests that synapses between
ORCs and PNs are strong, likely containing a large number
of release sites and a high probability of neurotransmitter
release (Kazama and Wilson 2008). As such, stimulation of
an ORC results in a reliable spiking in a PN even when the
stimulus is weak (Kazama and Wilson 2008). However,
another consequence of this high probability is that the
synapse quickly depresses in response to the high-frequency spiking induced by a strong stimulus. This results
in a non-linear relationship between ORC input and PN
output, in which PN responses to weak ORC input are
amplified and those to strong ORC input are subdued
(Bhandawat et al. 2007; Kazama and Wilson 2008). This
may allow for high sensitivity to odors that are at a low
concentration in the environment, while still preventing
saturation and allowing for discrimination when odors are
at a high concentration in the environment. This echoes the
effect of concentration on configural processing that occurs
at the periphery due to syntopic interactions between
mixture components, where suppression effects are most
pronounced at high concentrations. Perhaps high concentrations of mixtures composed of similar ligands experience increased suppression because of the potential for
suppression in both the periphery and the AL.
Role of local interneurons in gain control, sharpening,
and broadening
Local interneurons in the AL, first described by Hildebrand
and Matsumoto in the moth M. sexta (Matsumoto and
Hildebrand 1981; Strausfeld 2012), synapse onto PNs
(Yaksi and Wilson 2010) and can modulate the activity of a
given PN based on activity in other parts of the AL. LNs
can be excitatory (Olsen et al. 2007; Yaksi and Wilson
2010) or inhibitory (Olsen and Wilson 2008) and, though
the overall effect of interglomerular inhibition dominates
that of interglomerular excitation (Olsen and Wilson 2008),
simulations have shown that these competing forces must
be finely balanced to discriminate similar odors (Assisi
et al. 2012). LN activity can influence a variety of AL
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coding mechanisms: sharpening and broadening, which
alter the signal-to-noise ratio; gain, which alters the relative
strength of output to input; and synchrony, which helps to
bind neural representations of mixture components into
unitary percepts. LN-mediated inhibition—via release of
c-aminobutyric acid (GABA)—also helps enhance the
accuracy of the time of onset and offset of an odor (Sachse
and Galizia 2002), likely aiding the insect in negotiating
the physical structure of an odor plume.
Importantly, modifying LNs, and thus the olfactory
coding in which they participate, has been shown to modify
perception and odor-evoked behavior (Acebes et al. 2011),
notably altering configural processing in response to odor
mixtures (Choudhary et al. 2012). Both experiments and
simulations have shown how configural processing in the
AL can aid in odor discrimination, particularly via interglomerular inhibition, where the most activated glomerulus
inhibits activity in co-activated ones with similar response
profiles (Linster et al. 2005; Schmuker and Schneider
2007). Behavioral response to mixtures in honey bees
supports the idea that configural processing is more prevalent when mixtures are similar: when trained to associate
single odorants with a sugar reward, honey bees are better
able to discriminate rewarded from unrewarded mixtures
when they had fewer components in common; the corollary
was true as well (Deisig et al. 2002).
Recent interest in LN properties has increased our
understanding of their role in odor processing; but many of
the studies investigating LNs have used single odorants as
stimuli, so the contribution of LNs to mixture coding is still
less well known. Finally, LNs can differ in their morphology and tuning. LNs within the ALs can project
globally, innervating all glomeruli more or less equally, or
locally, innervating a subset of glomeruli (Chou et al. 2010;
Strausfeld 2012). For the rest of this review these will be
called global LNs and local LNs, respectively. They also
can be tuned to single odorants, or be blend specific, and
may have differences in temporal characteristics such as
latency (Meyer and Galizia 2012)—all of which are
important for mixture processing.
Role of global LNs
Global LNs play an important role in gain control in flies,
as the global lateral inhibition and excitation they mediate
scales with input to the ALs (Root et al. 2007). It has been
suggested, but not yet demonstrated, that this may allow for
a consistent representation of an odor mixture in the AL
across a range of concentrations. This representation may
be coded for by a consistent pattern of relative activation
across PNs if global LNs increase gain when stimulation
is weak and decrease it when stimulation is strong. Further affecting gain, global inhibition dominates global
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excitation, facilitating sharpening, the reduction in overlap
for different components of the mixture in the population
code (Sachse and Galizia 2002; reviewed by Martin et al.
2011), in addition to the global reduction of PN responses.
Differences between insect taxa with respect to the role of
excitation versus inhibition may be a result of taxon-specific olfactory system architecture. LNs play an important
role in other facets of AL mixture coding as well, including
mixture suppression, the decrease in response to a mixture
relative to the expected response given its components.
Mediated by an increase in LN activity, interglomerular
interaction increases when the number of odors that make
up a mixture increases (Silbering and Galizia 2007).
Although inhibitory global LNs play a role in mixture
suppression, local LNs are also important for mediating
this process. As the complexity of the mixture (and thus the
total input to the AL) increases, so too does the magnitude
of mixture suppression; this, along with the effects of
experimental pharmaceutical manipulation, implicates the
participation of the network of global LNs in mixture
suppression. However, the total input to the ALs does not
predict global PN interaction, so local LNs are involved in
mediating mixture suppression as well (Silbering and
Galizia 2007). Some inhibitory LNs may also play a role in
computation that occurs within, not just between, glomeruli
(Sachse and Galizia 2006; Silbering and Galizia 2007).
Role of local LNs
Local LNs also play an important role in coding mixture
responses in the antennal lobe, particularly in the selective
sharpening and broadening that contribute to configural
processing (reviewed by Martin et al. 2011). Configural
processing occurs in the olfactory systems of many
organisms across the animal phylogeny (fish, mammals,
and humans: reviewed Lei and Vickers 2008), including
insects (moths: Christensen et al. 1991; Hartlieb et al.
1997; honey bees: Sun et al. 1993). Excitatory and inhibitory LNs may play a role in configural mixture processing
through sharpening and broadening. Local LNs that have
different patterns of innervation connecting different
glomeruli show physiological differences in spike rate and
timing; thus, morphologically distinct LNs may have fundamentally different functions in modulating PN activity
(Chou et al. 2010), allowing for more control over how
mixtures are coded based on these patterns of innervation
and the physiological properties that accompany them. As
mentioned previously, local LNs also help to mediate
mixture suppression (Silbering and Galizia 2007). Excitatory local LNs can sharpen or broaden the representation
of a mixture because they may synapse onto a PN or onto
an inhibitory LN (Yaksi and Wilson 2010); excitatory LNs
tend to be local in general, so their effects should not
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propagate throughout the AL. If an excitatory LN synapses
onto and drives a PN, activity will be broadened by direct
excitation. If an excitatory LN synapses onto an inhibitory
LN, it may stimulate additional inhibition that results in the
sharpening of the signal.
Inhibitory local LNs can sharpen the representation of a
mixture, preventing weakly stimulated neurons from contributing to the PN output and allowing the most strongly
stimulated ones to dominate: Strong stimulation of a given
glomerulus may, depending on the pattern of innervation
by local LNs, inhibit a more weakly stimulated glomerulus;
this is especially true for chemically similar mixture
components, whose glomeruli often share more inhibitory
connections than those of dissimilar components (Wiltrout
et al. 2003; Wilson and Laurent 2005; Linster et al. 2005;
reviewed by Sachse and Galizia 2006). Thus, configural
processing tends to dominate when components of a mixture are more similar, while elemental processing tends to
dominate when components of a mixture are more different. Although many optophysiological studies postulated
that elemental processing dominates in the AL (reviewed
by Lei and Vickers 2008), such studies largely reflect the
output of the ORCs rather than any downstream processing
occurring within the antennal lobe (Heil et al. 2007).
Because ORCs largely process odors elementally, studies
using optophysiological methods report elemental processing in the AL more frequently than it actually occurs;
this occurs largely as an artifact of the calcium bath method
used—ORCs activate glial cells, which subsequently show
a calcium signal (Heil et al. 2007). Other studies have
shown that PN responses are substantially different from
ORC input (Kuebler et al. 2012).
Centrifugal input and modulation of the AL
Gain can also be adjusted by aminergic and peptidergic
neurons that project into the AL from higher-order brain
regions, providing what is known as centrifugal input
(Anton and Homberg 1999). These neurons release neuromodulators such as serotonin, dopamine, octopamine, or
histamine into the antennal lobe. These compounds may
alter the K? conductances of AL neurons (dopamine and
serotonin; reviewed by Ellen and Mercer 2012), and thus
modulate neuronal activity. Neuromodulators released in
the AL can signal the behavioral context of the olfactory
response and modulate AL activity accordingly: for
example, it is thought that serotonin modulates olfactory
response based on circadian rhythm (Kloppenburg and
Mercer 2008), dopamine based on association of the odor
with an aversive stimulus (Dacks et al. 2012), and octopamine based on association of the odor with an appetitive
stimulus (Schwaerzel et al. 2003). Although the release
of these neuromodulators signals dramatically different
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behavioral contexts, their effect on AL responses can elicit
similar responses in AL neurons (octopamine: Barrozo
et al. 2010; Riffell et al. 2013; serotonin: Dacks et al. 2008;
Kloppenburg et al. 1999; Drosophila: Yu et al. 2004;
Manduca: Daly et al. 2004; dopamine: Dacks et al. 2012).
Comparison of neural wiring and its effects on coding
Previous sections in this review have discussed on how
ORC-PN connections and interactions between glomeruli
can affect mixture processing, but this is further complicated by comparative differences in the insects. A diversity
of AL morphologies and olfactory wiring schemes have
evolved across the insect phylogeny, with pronounced
differences in glomerular size and organization (Ignell
et al. 2001), the way that ORCs innervate the AL, the
wiring of PNs to higher-order brain regions, and other
factors (reviewed by Martin et al. 2011). These differences
have resulted in novel coding strategies in certain taxa and
in differential emphasis on coding strategies that are shared
between taxa. Below, we detail these differences in the
insect taxa that have been most extensively used for
olfactory studies.
Comparison of wiring: ORCs to glomeruli
The wiring of neurons that project to the AL differs dramatically between taxa. In addition, ORCs can be organized in different ways as they project to the AL. The
connection of ORCs to glomeruli in the AL is particularly
important because ORCs seem to play a key role in the
formation of glomeruli, as glomeruli do not form when
ORC axons are removed and groups of ORCs spontaneously form glomerulus-like structures with their axons
(Oland and Tolbert 1996). In the dipteran D. melanogaster,
all ORCs that express a given olfactory receptor project to
a single glomerulus in the ipsilateral AL, which in turn
generally sends the signal along to the corresponding glomerulus in the contralateral AL via an antennal commissure, a feature that has not been found outside the dipterans
(reviewed by Martin et al. 2011). In Drosophila, five
glomeruli receive information from only the ipsilateral
antenna, but the rest receive information from both
(Stocker et al. 1990). In Lepidoptera, the case is similar,
except with no antennal commissure: ORCs control the
functional identity of moth glomeruli (Oland and Tolbert
1987), as demonstrated by antennal transplant experiments
between male and female conspecifics (Schneiderman et al.
1982; Rössler et al. 1999; Kalberer et al. 2010) and
between individuals from closely related species (Vickers
et al. 2005). It was thought that Hymenoptera exhibited a
higher level organization of the AL : that their ALs were
innervated by ORCs forming separate tracts that led to sets

J Comp Physiol A (2013) 199:911–928

of neighboring glomeruli grouped by odor specificity
(Galizia et al. 1998); recent imaging studies, however, have
shown that this is not the case (Carcaud et al. 2012; Galizia
et al. 2012). Any given glomerulus receives input from a
single ORC type in most insects that have been studied
(Hildebrand and Shepherd 1997, reviewed by Bargmann
2006). In contrast, locusts, with their microglomerular AL
organization, operate differently: locust ORCs each project
to one to three microglomeruli in the AL. (Hansson et al.
1996). In the locust, a given microglomerulus thus likely
samples information from multiple ORC types and therefore samples a wider chemical range of mixture components than a given glomerulus might in another insect.
Comparative glomerular architecture and organization
There is great variety in the size, quantity, and wiring of
glomeruli in the ALs of insects. Honey bees and cockroaches have many small glomeruli (163 and 125,
respectively) that each project multiple PNs into the
higher-order brain (Anton and Homberg 1999; Galizia and
Rössler 2010; Brill et al. 2013). However, it should be
noted that the large number of glomeruli in higher
Hymenoptera appears to be derived, as the basal sawflies
have only 44 (Dacks and Nighorn 2011). In bees, these
glomeruli are grouped by odor specificity within the AL
(Galizia et al. 1998), and the AL as a whole is divided into
two hemi-lobes whose outputs follow two different tracts to
higher brain regions (reviewed by Martin et al. 2011). The
ALs of flies and moths have a smaller number of glomeruli (40 and 63, respectively; reviewed by Rospars and
Hildebrand 1992; Anton and Homberg 1999), and each
glomerulus also gives rise to multiple PNs. In addition to
having fewer, larger glomeruli, the ALs of many moths
also have a MGC, a series of large glomeruli specialized to
process odorants important for reproduction such as pheromones; these glomeruli have correspondingly larger
numbers of PNs (reviewed by Martin et al. 2011). For all
the above insects studied, researchers have found that any
given glomerulus can be uniquely identified by its position
in the AL relative to that of other glomeruli. In hemimetabolous insects this means that as the insect and its
antennae grow, the glomeruli grow larger while the number
of glomeruli remains fixed, with relatively slight rearrangement in glomerular position (reviewed by Rospars
and Chambille 1985; Strausfeld 2012). This is important
for coding because it may mean that a relatively consistent
odortypic map can be maintained as the insect moves
through life stages, and that such a map may be consistent
within a species regardless of individual size.
Beyond the specific glomerular organization of certain
hemimetabolous insects, other insects show remarkably
different AL organization. Some hemipterans, such as plant
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lice and some aphids, appear to have no glomeruli at all, or
have very ill-defined ones (Kollmann et al. 2011). By
contrast, the ALs of locusts, Schistocerca gregaria
(Orthoptera: Acrididae), are composed of over 1,000 microglomeruli, as well as the glomerular lobe, a separate
area of the AL reserved for processing olfactory information from the maxillary palps (Frambach and Schurmann
2004). Although microglomerular structure of some kind is
thought to have evolved twice within the Orthoptera, once
in the grasshoppers (Orthoptera: Caelifera: Acrididae),
with locusts possessing fully microglomerular ALs, and
once in the crickets (Orthoptera: Ensifera: Gryllidae), with
microglomerular substructures within each unique glomerulus found in field cricket Gryllus bimaculatus (Ignell
et al. 2001; reviewed by Hansson and Stensmyr 2011), this
type of organization is quite rare in the insects. Microglomeruli have only been tentatively observed in one other
insect taxon, and ancestral orthopterans likely displayed a
more typical glomerular organization similar to that of the
cockroach (reviewed by Ignell et al. 2001); as a result,
microglomeruli appear to be evolutionarily derived in the
Orthoptera. The rarity of this microglomerular organization
and its stark differences with that of most other insect taxa
call into question the generality of observations made on
locusts. Because of their microglomerular ALs, the olfactory codes on which locusts rely are quite different from
those of other insects; however, it should be noted that the
heavily connected AL arrangement observed in locusts is
also seen in all studied decapods (reviewed by Strausfeld
2012). Unlike all other insects studied, locusts add more
microglomeruli to their ALs each time they molt and add
new ORCs (Ochieng et al. 1998), implying relatively
unique demands for olfactory coding in this species; the
number of PNs projecting from these microglomeruli,
however, remain constant as the locust ages, expanding
their dendritic arbors (Anton et al. 2002). As a result, a
perfectly consistent odortypic map cannot be maintained as
the locust ages. This raises questions about how coding
changes over the life of the insect, what new local and
higher-order connections are forged with each molt, and
how consistency of odor-evoked behaviors is maintained.
However, this may account for the elevated role in temporal coding—versus spatial coding—in locust olfaction.
Additional information on the projection of PNs to
higher-order regions can be found in Galizia and Rössler
(2010), and Rössler and Brill (2013).
Evolutionary changes in the AL: olfactory
specialization and speciation
Changes to the olfactory system may profoundly alter
insect behavior and can mediate changes in selection of
host plants, prey, or mates. Because all ORCs of a given
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type often converge in the same glomerulus in insects,
evolutionary changes to the AL—such as an increase in the
volume of a glomerulus or the change in the tuning of its
PNs—often follow from changes in the periphery.
Host plant switches and sympatric speciation, or speciation without geographic separation, are mediated by changes
in the olfactory system in many different species of Drosophila (Fig. 3a). As mentioned earlier in this review,
D. sechellia is specialized to oviposit on the toxic fruit of
M. citrifolia, in contrast with its generalist sister species,
D. melanogaster (Farine et al. 1996; Dekker et al. 2006; Ibba
et al. 2010). Compared to D. melanogaster, D. sechellia
overexpresses sensillum ab3, and its neurons ab3A and ab3B
(Dekker et al. 2006). Accordingly the glomeruli that receive
afferent input from the ab3A and ab3B ORCs, the DM2 and
VM5d, respectively, are enlarged in D. sechellia compared
to D. melanogaster (Dekker et al. 2006; Ibba et al. 2010).
These anatomical changes translate into behavioral ones.
D. melanogaster and D. sechellia are both attracted to methyl
hexanoate and 2-heptanone, but D. sechellia has a higher
attraction than D. melanogaster. Furthermore, D. sechellia is
more strongly attracted to the mixture of methyl hexanoate
and 2-heptanone than it is to each of the odorants separately,
while D. melanogaster is repulsed by the mixture, suggesting
that changes in glomerular size can mediate changes in the
coding and preference of the olfactory information (Ibba
et al. 2010).
Research on pheromone-mediated speciation in moths
has shown similar trends. Major shifts in pheromone blends
that females moths produce can occur in sister species,
such as the European corn borer and the Asian corn borer
Ostrinia nubilalis and O. furnacalis, respectively (Roelofs
et al. 2002). Since tracking of female pheromones directly
influences mating success, changes in the pheromone
blends may spur evolutionary change in the olfactory
systems of male moths (Roelofs et al. 2002). Two different
strains of the European corn borer that produce and prefer
almost reversed ratios of a two component pheromone
mixture also show that changes in the periphery and corresponding changes in the relative sizes of glomeruli within
the MGC mediate their differing pheromone preferences
(Karpati et al. 2010). Rather than modifying glomerular
size within the MGC, the males of the closely related
Heliothis virescens and H. subflexa use PN tuning to
mediate their differing pheromone preferences (Fig. 3b).
The two species have morphologically and volumetrically
identical MGCs, but the tuning of one of the MGC
glomeruli (the DM glomerulus) is modified to process
information about a secondary compound unique to each
conspecific pheromone mixture (Vickers and Christensen
2003). In these sister species, tracking conspecific pheromone—a critical process in maintaining reproductive isolation and avoiding costly hybrids—is mediated by the

123

J Comp Physiol A (2013) 199:911–928

activation of specific subsets of glomeruli to trigger
behavior (reviewed by Lei and Vickers 2008).
Future work in mixture coding in the AL
Despite the incredible volume of work already done on
coding in the AL, there remains a great deal to investigate,
especially with regards to mixture processing. Most studies
that have parsed out the mechanisms of AL coding have
done so using single odorants (Christensen et al. 1991;
Olsen et al. 2007; Root et al. 2007; Olsen and Wilson 2008;
Yaksi and Wilson 2010; but see Deisig et al. 2002, 2012;
Silbering and Galizia 2007; Silbering et al. 2008; Eschbach
et al. 2011; Choudhary et al. 2012; Meyer and Galizia
2012), and many studies have found evidence of configural
mixture coding, but did not elucidate its neural mechanisms (Dekker et al. 2002; Zhang and Schlyter 2003; Tasin
et al. 2006; Riffell et al. 2009a). Such work might be
approached in insect models for olfaction such as Drosophila, Manduca, Schistocerca, and/or Apis, to elucidate
the neural substrates for configural mixture processing as
well as the comparative differences in mechanisms of AL
mixture processing across the insect phylogeny.
More comparative work between close relatives also
needs to be done to see how AL morphology and coding
shifts accompany changes in ecology. One promising
avenue would be to investigate AL differences in the races
of R. pomonella, a model of sympatric speciation where
shifts between fruit tree hosts is linked with changes in the
olfactory periphery (Olsson et al. 2006a, b) (Fig. 3c).
Similarly, work on AL processing in disease vector mosquitoes, such as Anopheles gambiae, should be done to
follow up on work done in the periphery (reviewed by
Carey and Carlson 2011). It would be especially interesting
to compare mixture processing in the periphery and ALs of
anthropophilic and zoophilic mosquitoes, since configural
processing seems very likely to aid these animals in discriminating host from non-host animals. Understanding
these differences in host-odor processing may help aid in
the fight to preferentially target these disease vectors with
traps, repellents, and other methods, without harming
beneficial insects. Broader comparisons between AL coding in locusts and other orthopterans could also be done,
given the extreme morphological and organizational differences in the AL that have been found within the order
Orthoptera (Ignell et al. 2001); this will serve as a model
for disentangling phylogenetic effects from ecological ones
in determining glomerular features of the AL. In addition,
comparisons could also be very interesting in the Hymenoptera: contrasting generalist and specialist pollinating
bees against parasitic relatives and investigating processing
and AL differences in the development of sociality. By
investigating multiple models of olfactory processing and
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Fig. 3 Speciation is mediated by olfactory changes that affect
mixture processing. a AL anatomical and tuning changes: Drosophila
sechellia and Drosophila melanogaster show differences in volumes
of AL glomeruli that reflect their oviposition preferences as specialists on Morinda (left) fruit and as generalists (right), respectively.
D. sechellia exhibits two glomeruli that are enlarged compared to
those in D. melanogaster (light blue and light yellow), as well as
different tuning for hexanoates. Images adapted from Ibba et al.
(2010), and Flybase. b AL tuning changes only: Heliothis virescens
(left) and Heliothis subflexa (right) do not exhibit differently sized or
arranged glomeruli in their macroglomerular complexes (blue, pink,
light blue, yellow) although they are attracted to different pheromone

blends that share components, but differ in ratio. Rather, the
glomeruli in their MGCs are tuned for components that are more
important in the conspecific pheromone blend. c Future work:
different races of Rhagoletis pomonella can prefer dogwood, apple, or
hawthorn fruits, which emit volatile mixtures composed of many of
the same odorant components. While the mechanisms of this
behavioral difference, and its rapid evolution have been investigated
in the olfactory periphery, follow-up work in the AL must still be
done for this species. Images adapted from Vickers and Christensen
(2003) and with permission from the Michigan State University
Diagnostic Services Lab and Jim Vargo, North American Moth
Photographers Group at Mississippi State

coding in the AL, we can gain broader insights into the
evolution of insect olfactory processing in the brain and its
role in the interaction between insects and their environment. Finally, downstream coding of mixture input to the
LH and MB, and how those centers decode that information, are exciting future topics of research.

mixtures of odorants. These odorant mixtures may serve as
cues for ecologically important objects such as host plants,
food sources, and conspecifics—so it is critical to their
survival to be able to process these efficiently. Mixtures of
odorants are more behaviorally effective than single
odorants so ratios and key odorants in a given mixture can
be critical to perceptual success. Many stimuli contain
secondary volatiles (e.g., plant defense compounds), so
being able to pick out the ones that are most important
(e.g., floral volatiles) is critical. Olfactory processing of
mixtures is often non-additive—the mixture is coded differently than the sum of its parts, and mixtures are treated

Summary
Insects interact with a complex olfactory environment—
most stimuli are not single odorants but are instead
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differently from individual components. This processing
happens through multiple steps—the chemical cues are first
processed in the periphery, then in the glomeruli of the
antennal lobe, and then in higher-order regions like the
mushroom bodies (MB) and lateral horn (LH). Although
this general model of insect olfaction holds true for all
insects, details of the processing and AL structure differ
between taxa. Differences in olfactory processing are
known to underlie sympatric speciation (e.g., the apple
maggot) and reproductive isolation between closely related
insects (e.g., moth pheromones), and also play a role in the
evolution of associated organisms such as flowering plants,
whose insect pollinators may process chemical cues from
related species in different fashions, leading to reproductive isolation in them as well. Beyond these areas, understanding how insects process chemosensory information in
multiple levels of the olfactory system may be able to give
us insights into how humans and other animals translate
olfactory input into associations and actions.
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