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Chemical communication involves the production, transmission, and perception of odors. Most adult
insects rely on chemical signals and cues to locate food resources, oviposition sites or reproductive partners
and, consequently, numerous odors provide a vital source of information. Insects detect these odors with
receptors mostly located on the antennae, and the diverse shapes and sizes of these antennae (and sensilla)
are both astonishing and puzzling: what selective pressures are responsible for these different solutions to
the same problem — to perceive signals and cues? This review describes the selection pressures derived
from chemical communication that are responsible for shaping the diversity of insect antennal morphology.
In particular, we highlight new technologies and techniques that offer exciting opportunities for addressing
this surprisingly neglected and yet crucial component of chemical communication.

INTRODUCTION

Antennae are crucial for insects, the majority of
whom live in a sensory world dominated by odors. The
antennae support numerous sensilla that contain recep-
tors capable of perceiving these odors [1]. The diverse
shapes and sizes of insect antennae (Figure 1), ranging
from the short antennae of dragonflies to the impossibly
long antennae of longicorn beetles, or from the simple
antennae of butterflies to the exquisite, feathery antennae
of moths and beetles, is both marvelous and puzzling.
What selective pressures are responsible for these diverse
solutions to the same problem — to perceive signals and
cues? While antennae can process information from a
range of sensory modalities, the focus of this review is on
olfactory communication. In particular, we outline why
morphological features of insect antennae are likely to be

subject to both natural and sexual selection; how applying
modelling techniques from physics can help understand
the significance of antennal shape, and; how particular
selection pressures may act on the micro-morphology of
antennae.

The majority of adult insects rely on volatile and
non-volatile odors to provide information about food
resources, oviposition sites, reproductive partners, and,
for social species, their social environment [2]. There
is a remarkable diversity of insect pheromones, odors
produced by individuals that are detected by conspecifics
[3], and possibly an even greater number of chemical
cues that insects utilize as a source of information. In all
cases, insects perceive these odors when they physically
interact with chemo-receptors located on the sensilla, the
majority of which are found on the antennae. For most
insects, antennae provide the means to perceive these
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Figure 1. The diversity of insect antennae (by rows, top to bottom, left to right): scarab beetle, Phyllotocus macleaya
antenna (Scarabidae, Coleoptera; image: Christopher Freelance); mosquito Anopheles (Culicidae, Diptera; image:
Qike Wang); stick insect, Extatosoma tiaratum (Phasmatidae, Phasmatodea; image: Christopher Freelance); Australian
longicorn beetle (Cerambycidae, Coleoptera; image: Mark Elgar); moth, Uraba lugens (Nolidae, Lepidoptera; image:
Christopher Freelance); ant worker, Oecophilla (Formicidea, Hymenoptera; image Zheng-yan Zhou); butterfly,
Jalmenus evagoras (Lycaenidae, Lepidoptera; image: Mark Elgar); bloomed furrow bee, Lasioglossum albipes antenna
(Halictidae, Hymenoptera; image: Bernadette Wittwer); shield bug Anaxandra (Acanthosomatidae, Hemiptera; image
Zheng-yan Zhou); grasshopper (Orthoptera; image Zheng-yan Zhou); tachinid fly (Tachinidae, Diptera; image Zheng-
yan Zhou); paper wasp, Polistes (Vespidae, Hymenoptera; image: Zheng-yan Zhou).

odors, although with varying degrees of difficulty: some
forms of chemical information can be secured by simply
brushing or tapping the antennae over the substrate, while
some species, like moths, can perceive minute quantities
of these chemical signals over vast distances [2]. The
insect antenna is not exclusively involved in signal per-
ception: some male Galerucinine chrysomelid beetles
have unusual processes on the length of their antennae
that are apparently used to grasp the female during copu-
lation [4]; and the antennae of ant workers can be both a
source and receptor of signature odors indicating colony
membership [5].

Olfactory Communication

There is a specific challenge for olfactory sensory
systems, which differ from other sensory modalities in
a crucial manner: the odorant, or odor molecules, must
come into physical contact with the odor receptor [6].
This raises the question of how the morphology of insect
antennae has been shaped by natural selection to optimize
odorant-receptor interactions — in other words, the likeli-
hood that volatile chemical molecules arrive in the vicin-
ity of specific receptors located on the receiver’s antenna

(Figure 2). The observed antennal morphology is likely to
“optimize” [7], rather than “maximize” odorant-receptor
interactions simply because the size and shape of the
antennae will also be subject to selection associated with
aerodynamic and resource constraints.

The insect antenna typically comprises three distinct
structures, which are broadly conserved across insects
and allow almost omnidirectional movement [8]. A sin-
gle segment forms the basal structure, or scape, that is
attached to a membranous antennal socket on the crani-
um and is often supported, rather like a ball joint, by a
pivot termed the antennifer. The second structure is the
pedicel, a single segment that is attached to the scape
by membranous cuticle and articulates as a hinge joint.
The third, distal structure is the flagellum, which shows
the greatest variation in length and shape within sexes,
between sexes, and between species [8-10]. The types of
flagella range from the relatively simple thread-like seta-
ceous and filiform, through the more elaborate club-like
(clavate and capitate), lamellate, pectinate and plumose
forms (Figure 3). The greatest density and diversity of
sensilla occur along the length of the flagellum, with the
greatest densities typically found toward the distal end
and on the lateral extensions to the flagella [8-10]. The
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Figure 2. Schematic of the process of chemical communication, from odor production through to odorant perception,
highlighting the role of antennae in bringing the odorant to the vicinity of the receptors. (Moth illustration by Sander van

der Molen).

majority of these sensilla are involved in the detection
of odors, temperature and humidity, while the sensilla
located on the scape and pedicel are mostly mechano-re-
ceptors, allowing the individual to monitor the movement
of the antennae (but see also [11]).

Research on chemical communication in insects has
largely focused on either of the two ends of the process
[e.g., 2,12], as illustrated in Figure 2. Most research in
chemistry and chemical ecology aims to characterize the
chemical composition of the odors that are released as
cues and signals [13], and the movement of these var-
iously volatile odors through the environment [14,15].
More recently, phylogenetic comparative studies attempt
to make sense of the evolution of both the diversification
and convergence of pheromones [3]. At the other end,
research on odor perception has focused on the genetic
and neurobiological processes that occur once the odor
molecules enter the pores of the sensilla and activate
specific receptors that allow the individual to react appro-
priately [16-19]. The process of odor perception seems
remarkably conserved, despite the considerable diversity
of chemical signals and cues [17].

Signals, Cues, and Odor Detection

It is useful to distinguish odors as signals or cues,
since their production and perception can involve differ-
ent evolutionary processes. Following [20,21], an odor is
a signal if it “influences the behavior of other organisms
(receivers), and which evolved specifically because of
that effect” [21, p. 75], whereas a cue is an incidental
source of information that may influence the behavior of
the receiver, despite not having evolved under selection

for that end [21]. Thus, the sex pheromones of moths, bee-
tles, and other insects are signals because they evolved to
attract members of the opposite sex, whereas the release
of CO, by breathing mammals did not evolve as a signal
to feeding mosquitoes, but rather mosquitoes use CO, as
a cue for locating their victims [20]. The evolution of a
signal often, but not always, involves co-evolutionary
processes in olfactory sensory systems because particular
odorant molecules require specific receptors, although
combinatorial processes of odorant perception allow in-
dividuals to extract considerable diversity of information,
including from novel sources [2].

Theoretical and empirical studies of the evolution-
ary significance of animal signals retain a strong focus
on the adaptive value of the signal, and especially the
relationship between the signal and the signaler [20-25].
To behave, an animal requires an effective mechanism to
perceive signals and cues, and yet any reference to the
receiver is typically couched in terms of how the signal
is distinguished from the background [23]. Far fewer
studies acknowledge how selection may shape morpho-
logical and physiological traits that optimize signal or cue
detection [3,26]. The evolutionary significance of the di-
versity of antennal morphology, including the abundance
and variation in sensilla, is poorly understood despite the
critical role of antennae for survival and reproduction.
Antennae are often used as diagnostic characters for tax-
onomic and systematic studies, and there are numerous
studies that provide detailed descriptions of the gross and
fine structure of insect antennae [1,8-10]. However, sur-
prisingly few ask how antennal morphology influences
the efficiency with which chemical odors are detected
[27], contrasting rather strikingly with our understanding
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Figure 3. Antennae of male and female insects with well-developed olfactory sense: (a) honey bee (Apis mellifera L.);
(b) flesh fly (genus Sarcophaga); (c) cariion beetle (genus Necrophorus); (d) scarabid beetle (genus Rhopaea); (e)
saturniid moth (genus Antheraea); (f) hawk-moth (sphingidae, genus Pergesa) (g) butterfly (genus Vanessa). Common

scale (1 mm) for a-d and e-g. Reproduced from [10].

of other key features of insect morphology, such as wings
[28].

COSTS AND BENEFITS OF ANTENNAL
MORPHOLOGY

In theory, we expect the size and structure of insect
antennae to be shaped by natural selection so that the
morphology optimizes [sensu 7] the benefits of improved
signal perception against the costs of developing and
maintaining these structures. Nervous tissue is among
the most expensive of animal tissues [29] and resources
are required to both construct the antennae and maintain
neural activity [29,30]. While measuring how those costs
vary with the size and structure of antennae are technical-
ly challenging, the facultative changes in the investment
in sensilla number with life-history changes are consis-
tent with that view (see below).

A widely held, but largely untested, premise is that
odorant-receptor interactions are enhanced primarily by
the size of the antennae, simply because larger antennae
can support larger numbers of sensilla (Figure 4). The
striking sexual dimorphism in antennal size and shape in
many groups of insects, but especially moths and beetles
(Figure 1) is often used to illustrate this point: the impres-
sively ornate antennae of males allows them to detect the
typically minute quantities of sex pheromones released by
females [e.g., 31]. Indeed, the ornate antennae of moths
were thought to act as a sieve, with the efficiency of the
antennae (or probability of odorant-receptor interactions)
being a function of the outline area of the antennae; the
proportion of molecules that are “adsorbed” from the

airstream by the antennae; and the fraction of those mol-
ecules that actually move to the vicinity of the receptors
[10]. This model broadly predicts, ceteris paribus, that
larger, feathery (pectinate) antennae are more efficient
at detecting odors. Subsequent experiments revealed
that the shape of the antennae does not affect the rate of
collection of the odorant, which can be better explained
as a function of the concentration of the odorant and the
surface area of the antennae [32]. Thus, selection has not
favored the feather (pectinate) structure of the antennae
because it can act as a sieve, but rather because it increas-
es the surface area of the antennae, which can support
more sensilla [32]. Indeed, sensilla are not distributed
evenly across the flagellum but are typically more dense
at the distal end, suggesting that other factors may also
be involved in shaping antennal efficiency [8]. Similarly,
Ramsey et al. [33] argue that the elaborate lamellate an-
tennae of male Rhipicera beetles increases surface area,
changes the airflow across the antennae, and thus the
likelihood of odorant-receptor interactions.

Phylogenetic comparative analyses support this view
[34]. Species of moths with elaborate (pectinate) anten-
nae are typically larger, but these antennae are relatively
shorter for their body size, suggesting that they cannot
be supported by smaller moths. Interestingly, females of
larger species are also likely to be able to produce large
quantities of pheromone, contradicting the common be-
lief that pectinate antennae evolved in order to detect the
minute quantities of female sex-pheromone. Were that
the case, elaborate antennae should be more common in
males of species with smaller-bodied females, who pro-
duce smaller quantities of pheromone. Nevertheless, two



Elgar et al.: Evolution of insect antennal morphology

4.5
|
2 4 ¢
€
=) Py ®
c ®
=35
(%]
S )
w
¥ 3
S o
8
2.5
[ J
2
1 0.5 0 0.5

461

®
.. [ ]
[ ] . @ Coleoptera
[ ] @ Diptera
® Hemiptera

Homoptera
® Hymenoptera

@ Lepidoptera

1 1.5 2

Log flagella length (mm)

Figure 4. The number of sensilla qualitatively increases with flagella length across males and females of various

insects. Data from [8].

lines of evidence suggest that the abundance and volatil-
ity of the pheromone may influence antennal size among
species with pectinate antennae: antennal length was
negatively correlated with both pheromone molecular
weight and male abundance [34]. However, these patterns
did not hold for species with simple (filiform) antennae.
Interestingly, the opposite pattern may emerge in beetles:
species with large, elaborate antennae use pheromones
with lower volatility than species with small, simpler
antennae (Figure 5), [35].

Remarkably few studies link signal perception with
antennae size or sensilla number. Workers of the green tree
ant Oecophyla smaragdina, brush their antennae across
the cuticle of conspecific workers to determine their iden-
tity, responding aggressively to non-nestmate workers
[27]. The level of aggression towards non-nestmates was
positively correlated with the condition of the antennae
of the workers: ants whose antennae had fewer sensilla
were much less aggressive toward non-nestmates than
workers whose antennae had greater numbers of sensilla.
In this species, large numbers of sensilla are required for
the workers to identify correctly whether conspecifics
are from the same or different nests [27]. Similarly, the
ability of bumblebees to detect volatile plant odors is
influenced by antennal size. Bumblebees with longer an-
tennae, and thus greater numbers of sensilla, could detect
lower concentrations of plant odor stimulus, a pattern that
was confirmed by electroantennograms [36].

Experimental studies provide additional evidence.
The ability of male diamond back moths Plutella xy-
lostella to detect female sex pheromone and of females
to detect oviposition sites was reduced following ex-
perimental reduction of the length of the antennae [37].

Mate and oviposition search was not impaired when less
than 25 percent of the antennae was ablated, but these
behaviors were compromised when more than 50 percent
of the length of antennae was removed. It is thought that
the presence of two antennae allows insects to determine
the direction of an odor source by comparing the quantity
of odor detected in each antenna. For example, when one
antenna is experimentally removed, the individual typi-
cally loses directionality (Drosophila: [38]; Lasius: [39];
Bombyx: [40]). A similar pattern occurs in cockroaches
Periplaneta americana, but this arises through a loss of
total antennal length across the two antennae, rather than
antennal symmetry: individuals with one antenna could
track the odor plume, but the performance of individuals
with a portion of one antenna missing was similar to that
of individuals with half that length removed from both
antennae [41]. While these experimental studies suggest
that the length of the antennae influences the ability of
these insects to detect chemical signals, the result may
simply reflect the damage to the integrity of the antennae.

ANTENNAL STRUCTURES, ODORANT-
RECEPTOR INTERACTIONS, AND
COMPUTATIONAL MODELLING

Our understanding of the mechanism by which
antennae can “capture” odorants from the air flow and
thus increase the likelihood of odorant-receptor interac-
tions is likely to be best informed by simulation models.
Computational models in particular provide exciting
opportunities to investigate the fluid, structural, and par-
ticle physics at the scales of structures of insect antennae
— something that is near impossible to achieve through
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Figure 5. Beetles with different antennal morphology and their representative pheromones. Beetles with relatively larger
and more elaborate antennae (bottom three species) use pheromones with lower volatility, while species with relatively
more simple, smaller antennae (top three species) use more volatile pheromones. (Data from [35]). (Image credits:
A. glabripennis, Dutch Government; C. sordidus, Joachim Rheinheimer; I. typographus, Udo Scmidt; R. ferrugineus,
Didier Descouens; O. agamemnon, source unknown, http://www.enature.qa/specie/rhinoceros-beetle/; M. melolontha,

Josef Dvorak).

experimental methods because of the size and invasive
nature of measurement devices. The level of detail and
quantitative data from modelling and simulation provides
visualizations that can reveal flow behavior influencing
pheromone transport in the air and its deposition onto
odorant receptors. Fluid-Structure-Interaction (FSI) sim-
ulation studies can reveal how macro and micro-morpho-
logical features of insect antennae influence the airflow
patterns [42].

The pectinate antennae of many species of moths
may increase the perception of sex pheromone, but most
moths have simple, filamentous antennae [31,32], which
begs the question how can males of smaller species im-
prove the likelihood of detecting sex pheromones? One
possibility is that the abundant scales, which cover the
surface of the antennae, alter the airflow that carries the
pheromone molecules, thereby increasing the chance of
interacting with sensilla. Qike Wang and colleagues [42]
investigated this idea by comparing the efficiency of moth
antennae that vary in size and arrangement of scales: in
some species, the scales run parallel to the length of the
antennae, while in others they are slightly raised and form
regular rings.

Certain arrangements of scales concentrate the
nano-sized particles (the size of pheromone molecules)
around the antennae, while diverting micron-sized parti-

cles (the size of debris) away from the antennal surface,
thereby reducing contamination (Figure 6). Interestingly,
these scales retain nano-sized particles within a trajectory
that corresponds with the height of the trichoid sensilla,
whereas the larger, potentially contaminating micro-sized
particles are dispersed away from the sensilla. Increasing
the angle of the scale with respect to the surface of the
antennae improved signal detection for smaller, but not
larger, antennae. If pheromone perception is determined
by the frequency of interactions between the odorant
molecules and receptors located in the antennal sensil-
la, then species that typically detect low concentrations
of pheromone are expected to have larger numbers of
sensilla [1,43]. Greater investment in sensilla may be
accompanied by other aerodynamic mechanisms that
improve pheromone detection, such as antennal scales,
and this prediction was corroborated with data from
heliozelid moths (Figure 6). Clearly, this approach has
great potential for explaining the functions of antennal
structures more generally, and investigating how the dif-
ferent antennal structures vary in detection efficiency in
different environmental circumstances.
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EVIDENCE OF SELECTION ON ANTENNAL
MORPHOLOGY

Several lines of evidence indicate that insect anten-
nal morphology is under selection to increase the efficien-
cy of detecting signals and odors. The role of selection
may arise in several contexts because adult insects rely
on odors to locate food resources, oviposition sites and
reproductive partners [2]. Additionally, social insects
rely on odors as a form of communication necessary for
organizing colony activities. The following section docu-
ments how each of these processes influence variation in
antennal morphology.

Mate Location and Sexual Selection

There is striking sexual dimorphism in the shape
and size of insect antennae. The males of many species
of moths and beetles have elaborate, feathery antennae,
whereas their conspecific females have simple, filiform
antennae. Males of longhorn beetles (Cerambycidae)
have antennae that clearly exceed their body length,
while conspecific female antennae are much shorter.
Such extremes of sexual dimorphism are not uncom-

mon in animals [44,45] and Darwin [46] proposed that
sexual selection is responsible for those characters that
determine the competition over mating opportunities:
the armaments used by males in physical contests with
other males [47], or the extravagant displays of males that
females use to select their mates [44,48]. There is also an
emerging interest in the role of odor signals in conveying
information about mate quality [49,50].

Less well appreciated is Darwin’s [46] suggestion
that sexual selection may act on “organs of sense,” such
as insect antennae [51]. He argued that males with more
“highly developed” organs of sense would be better
equipped to find the signaling female and thus be at a
competitive advantage over other males. Indeed, this may
provide females with a mechanism to ensure they encoun-
ter high quality males. Females that reduce their output of
sex-attracting pheromone might attract only males whose
antennae are more sensitive to these low concentrations
of pheromone, perhaps because the antennae are larger or
more elaborate. If the cost of these “extravagant,” sensi-
tive antennae is not trivial, then only “high quality” males
would be able to support them [51]. Indirect support for
Darwin’s key prediction comes from field studies re-
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vealing that mated males of the long-horned borers Pho-
racantha semipunctata (Cerambycidae) were larger and
had longer antennae than unmated males [52]; the ability
of female pollen katydids Kawanaphila nartee to detect
male calls was influenced by the size of their thoracic au-
ditory spiracles [53]; and that male false garden mantids
Pseudomantis albofimbriata arrived at calling females
more quickly if the density of their antennal trichoid sen-
silla was greater [54]. Johnson ef al. [55] manipulated the
quantity of sex-attracting pheromone released by female
gum leaf skeletoniser moths Uraba Ilugens by placing
either one or two restrained females in delta traps and
measuring the size of the antennae of captured males.
The mean antennal length of males caught in traps with
a single female was longer than that of males caught in
traps with two females that emitted more pheromone.

Anticipatory Investment in Antennal Morphology

Developmental phenotypic plasticity, in which an
individual’s developmental trajectory is advantageously
modified to match the environment it is likely to encounter
at maturity, has been documented for diverse taxa [56,57].
These adaptive, “plastic” responses require physical and
social environmental cues that reliably indicate the ex-
pected adult environment [58]. Numerous behaviorally,
physiologically, and morphologically plastic characters
have been documented, including insect antennae.

A key feature of locusts is that they respond to local
density by shifting between a cryptic solitarious pheno-
type and a high density, gregarious phenotype. Among
the differences between these two phenotypes is the den-
sity of olfactory sensilla on their antennae, presumably
reflecting different sensory requirements. For example,
solitarious adults of the locust Locusta migratoria have
more olfactory sensilla on their antennae than gregarious
adults [59], a pattern observed in other species of acridids
[60]. In the desert locust Schistocerca gregaria, the gre-
garious phenotype emerges if nymphs either see, smell
or are touched by other locusts [61], while touching the
antennae triggers the gregarious phenotype in the Austra-
lian plague locust Chortoicetes terminifer [62].

The larvae of the gum leaf skeletoniser moth U. [u-
gens are gregarious as young instars but tend to disperse
in later instars. Adult males have bipectinate antennae,
and males with larger antennae are more capable of de-
tecting lower concentrations of female pheromone [55].
Thus, males should benefit by a greater investment in
mate location strategies when population densities are
low, and in mating effort strategies when population den-
sities are high. Experiments confirmed this prediction:
adults of larvae reared in low density conditions had larg-
er antennae than those reared in high density conditions,
who had larger testes [63]. This capacity for anticipatory
flexibility in sensory investment may explain why long-
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term selection through population density failed to gen-
erate changes in antennal morphology in the Indian meal
moth Plodia interpunctella [64].

Social Environment

Communication is crucial for maintaining social
organization — at the very least, it allows individuals to
recognize cooperating individuals and respond appro-
priately. Increasing complexity in social organization is
likely to be accompanied by a greater diversity of signals
that coordinate social activities. In social insects, this in-
formation is typically conveyed through chemical signals
and thus may require an increasing number of receptors
to detect the greater diversity of signals. As a result, we
would expect larger antennae and/or greater density of
antennal sensilla in social than solitary species. Similarly,
within social species, we expect greater investment in
sensory structures in individuals typically responding to
a greater range of signals.

Arguably the earliest documented experimental evi-
dence of the social communication function of antennae
is provided by Auguste Forel, who ablated, on the 12
August, 1886 the antennae of many workers of Formica
sanguinea, F. pratensis, Camponotus ligniperdus, and
Lasius niger, and placed these workers together in a sin-
gle container. He noted that “Little by little, my various
ants huddled piously together, one on top of another,
despite the diversity of species and formicaries” [65]. As
Forel [65] explains, had their antennae remained intact,
the workers would have been able to detect the identity of
the other ants, and responded appropriately: workers of
social insects are typically aggressive to individuals that
are not conspecific nestmates [66].

Differences in the diversity and abundance of sensil-
la between castes have been reported in several species
of social insects [67-69], which may reflect their different
tasks. For example, Griiter ef al. [70] found that guards
of the social stingless bee Tetragonisca angustula were
larger and so had greater antennal surface area. Larger
guards were more effective at detecting conspecific
non-nestmates [70]. There are two kinds of workers of
the green tree ant Oecophylla smaragdina: major work-
ers that leave the nest, and minor workers that typically
remain inside or on the surface of the nest. Major workers
have greater numbers of antennal sensilla than minor
workers [67], and also react more aggressively to conspe-
cific non-nestmates [71]. Workers of the social stingless
bee Tetragonula carbonaria may be guards, who remain
close to the nest entrance, or foragers, who leave the nest
in search of food. While workers engaged in these two
activities are morphologically indistinguishable to the
naked eye, they differ in the density of antennal sensilla,
with density greater for guards than foragers [72]. Pre-
sumably the greater density of sensilla in guards equips
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them with greater perception of unwanted intruders. It
would be interesting to discover whether these “cryptic
castes” [72], defined by differences in the micro-mor-
phological features of the antennae, are more widespread
among social insects.

The full range of social organization, from solitary
to eusocial, are found within the halictid bees, and while
there have been several gains of eusociality within this
group, there have been many more reversions to a solitary
lifestyle [73]. Phylogenetic comparative analyses reveal
that an evolutionary loss of social behavior is associated
with a /oss in antennal sensilla density [74]. Interestingly,
the same pattern emerges when comparing social and
solitary populations of the socially polymorphic bee, La-
sioglossum albipes [74]. These data highlight the signif-
icance of costly sensory systems for social behavior, and
also suggest that the evolution of social behavior requires
a pre-existing high investment in sensory morphology.
However, the suggestion that the link between behavioral
lateralization and an asymmetric distribution of antennal
sensilla in social, but not solitary bees, provides greater
efficiency for social organization [75] finds little broader
phylogenetic support [76].

Searching for Food

Odors provide insects with a significant source of
information about the location and nature of food sourc-
es. Some insects are polyphagous, feeding on a range
of different species, while oligophagous species confine
their food plants to one or two species. These differences
in foraging strategies may translate into differences in
antennal morphology. Drawing on data for European
orthopterans, Chapman [1] suggested that insects with a
generalist diet require a greater number of sensilla than
species with a more specialized diet. More recent studies
provide mixed support for this view. Species of Dendroc-
tonus bark beetles have club-shaped antennae, and two
morphologically similar species — D. rhizophagus and
D. valens — have different host plant ranges. The average
number of long basiconica sensilla, typically associated
with chemoreception, was qualitatively greater in the
strongly polyphagous secondary beetle D. valens than in
the primary beetle D. rhizophagus, which has a quarter of
the number of hosts [77].

However, the opposite pattern emerges among pop-
ulations of the aphid Uroleucon ambrosiae, whose host
range varies with geography in North America: aphids
on the eastern seaboard specialize on the giant ragweed,
Ambrosia trifida, while those from the southwest have a
more catholic diet. These differences in diet breadth are
thought to derive from their capacity to make oviposition
decisions — the generalist aphids may be less deterred
by chemicals found on plants other than ragweed. While
larger aphids generally have more rhinaria (olfactory
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plate organs) on their antennae, the number of rhinaria
was greater on specialist than generalist aphids [78], con-
tradicting the predicted [1] pattern.

Other studies are unable to support or refute Chap-
man’s [1] prediction. There is no difference among
non-parasitic halictid bees in the density of sensilla
between pollen-specialist and other species [79], and no
consistent differences in the density of various antennal
sensilla between a polyphagous and several species of
oligophagous Delia root flies [80], or in the number of
antennal sensilla across species of grasshoppers with
different feeding ecologies [81,82].

Characteristics of the prey of predatory insects may
also influence antennal micro-morphology. A comparison
among species of wasp predators suggests differences
in sensilla types and density between bee-hunting and
beetle-hunting species [83], although this would require
confirmation from a larger data set and using phyloge-
netic comparative analyses. Mosquitoes are not typically
regarded as predators, but Mclver [84] found some
evidence that sensilla numbers and types varied across
species of mosquitoes according to their preferred hosts.

Searching for Hosts

The larval stages of insect parasitoids rely on their
hosts for nutrition, and adult parasitoids use host-de-
rived signals and cues to locate their victims [85]. Some
parasitoids are host specific, laying eggs on a single
host species, while others may attack a range of hosts.
Following Chapman [1], host generalist parasitoids
are predicted to have greater numbers of sensilla than
specialist parasitoids, in order to accommodate the addi-
tional olfactory cues [86]. However, the opposite pattern
emerged in a comparison of the density of sensilla as-
sociated with chemoreception (basiconica and placoidea)
of braconid parasitoid wasps: sensilla density of the host
specialist Microplitis croceipes was greater than that of
the generalist Cotesia marginiventris [87]. Comparisons
between two species are inevitably inconclusive, but a
phylogenetic comparative analysis of chalcid wasps did
not reveal consistent covariation between host specializa-
tion and antennal length, although chalcids that parasitize
Hemipteran hosts tend to have larger antennae [86].

The antennal morphology of parasites and parasit-
oids may also be influenced by the nature of particular
chemical cues that reveal specific oviposition sites. For
example, horse stomach bot flies (Gasterophilus Leach)
are obligate intestinal parasites of their equid hosts that
include horses, donkeys, and zebras [88,89]. These flies
have similar life cycles, and while different species are
often found in the same hosts, they differ in their oviposi-
tion site, with each species ovipositing on different body
parts or on the food of their hosts [90]. The diversity of
antennal morphology, including the types and arrange-
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ments of antennal sensilla, among the eight species of
this genus [91] may be associated with chemical cues
that are specific to the different oviposition sites. Clearly,
the relationship between host specialization and antennal
morphology requires further investigation, especially
where host diet influences the odors used as cues [see 50].

Background Noise and Abiotic Modifiers

The diversity of odors produced by plants and oth-
er insects means that background olfactory noise can
generate a significant challenge to signal transmission
and perception [92-95]. While a “cacophony” of odors
can have an impact on detecting specific chemical com-
pounds, it may also be used as long-range habitat cues,
providing initial generalized information for plant and
other host-seeking insects that can subsequently focus on
specific signals or cues in the correct habitat [96]. We do
not know whether the intensity of background olfactory
noise acts as a selection pressure on antennal morphology.

Humidity, temperature, and air pollution can affect
the ability of receivers to detect pheromones and odor
cues, because high humidity and air pollution can reduce
the life-span of the odor, effectively attenuating the signal
or cue [97-100]. For example, wind tunnel experiments
showed that fewer males of the European corn borer
Ostrinia nubilalis took flight in response to female sex
pheromones in trials with higher levels of humidity [98].
This may explain the increase in pheromone titre with an
increase in relative humidity in this species [100]. How-
ever, humidity did not affect the response of bark beetles
Ips grandicollis to synthetic aggregation pheromone
[101]. Clearly, this is an effect that requires investigation
with a range of taxa, including whether there are changes
in antennal morphology with humidity gradients.

CONCLUSIONS

There is emerging experimental and observational
evidence that antennal morphology is subject to both nat-
ural and sexual selection, and yet surprisingly few studies
have addressed the ways in which antennal morphology
influences odorant-receptor interactions. While we know
a great deal about the chemistry and transmission of
odors, and the neurobiology of odorant perception, we
know relatively little about how insects optimize their
perception of odors and cues. Thus, there is a rich seam
of potential research questions that address how the size
and structure of insect antennae have been shaped by
natural and sexual selection. In particular, fluid dynamic
modelling coupled with phylogenetic comparative anal-
yses offer exciting opportunities to understand precisely
how micro-morphological features of the antennae can
influence odorant-receptor interactions.
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