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Abstract
Odors are essential in mediating insect reproductive behavior. Environmental odors
help insects locate suitable feeding or egg-laying sites and avoid suboptimal hosts or
dangerous habitats. Sex pheromones, on the other hand, are responsible for mate finding and elicit courtship and mating. Although pheromones elicit stereotypical behaviors
on their own, they are embedded in a background of environmental odors in nature.
Using the cotton leafworm, Spodoptera littoralis, and the common fruit fly, Drosophila
melanogaster, I studied the effect of blending environmentally relevant odors with
pheromones on insect behavior.
For the cotton leafworm, we first developed an attractive cotton volatile blend. We
next used this blend to determine the physiological effect of DMNT, a strong behavioral antagonist, on the cotton leafworm olfactory system. I then blended the individual
volatiles and volatile blends with an incomplete and complete pheromone. The combination of cotton volatiles and the complete pheromone elicits attraction. Deviations
from this optimum, either by changing the pheromone composition or the cotton volatile blend strongly reduces male S. littoralis attraction.
I then used the fruit fly to study the effect of food (vinegar) and habitat (yeast) volatiles on fly attraction towards pheromones. Starvation affects attraction towards a blend
of vinegar and a male produced pheromone in a sexually dimorphic way. We next describe a novel female fruit fly pheromone and the odorant receptor involved in its perception. Finally, we show that vinegar and yeast volatiles interact in a different manner
with male and female produced pheromones, suggesting that although vinegar is a good
feeding cue, even in the presence of pheromones, it is not an appropriate mate finding
cue.
My findings suggest that pheromones and host volatiles function as a single unit that
mediates insect behavior, rather than as individual components. As such the olfactory
cues that mediate mate finding in insects are under both natural and sexual selection
simultaneously, which has strong implications for insect speciation and evolution.

Keywords: Spodoptera littoralis, Drosophila melanogaster, pheromones, host volatiles,
chemical ecology, olfaction, host plant volatiles, herbivore-induced plant volatiles,
sexual selection, natural selection
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Dedication
To those who find my present and future work interesting.

See that the imagination of nature is far, far greater than the imagination of
man.
Richard P. Feynman
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Introduction

1.1 Insect chemical ecology
Chemical Ecology is the discipline that studies interactions between organisms
mediated by chemical signals. Chemical communication is the only form of
communication found in all living things and is used in communication between organisms, and between organisms and their living environment. Chemical compounds involved in chemical communication are called semiochemicals, and are subdivided into four main types. Pheromones are used in intraspecific communication. The remaining three, allomones, synomones and kairomones are signals that are involved in interspecific communication. Allomones are chemical signals that provide a benefit to the organism that produces
them and a cost to the responder. Synomones are those signals that benefit both
the organism producing them and the receiver. Lastly, kairomones benefit the
receiving organism at a cost to the organism producing them (Eisner &
Meinwald, 1995). Since the chemical language is universal and connects all
living things, chemical signals have multiple effects on different organisms and
can only be defined in a given context.
The importance of chemical communication in herbivorous insects and
plants had been recognized in the mid 19th century in the work of Ernst Stahl,
Anton Kerner von Marilaun, Léo Herrera and others, which went largely unnoticed until the second half of the 20th century. Advances in plant biochemistry
that showed a large discrepancy between the number of secondary metabolites
and the number of essential processes in plants, led to the idea that plant secondary metabolites were not by-products of the essential biochemistry, but rather, that biosynthetic pathways had developed under natural selection for discrete purposes. This, along with observations of male moths flying upwind
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towards pheromone-releasing female moths caused a resurgence of the study of
chemical ecology in the 1950’s (Hartmann, 2008).
The identification of the Bombyx mori pheromone by Adolf Butenandt
(1959) gave way to an increased interest in insect pheromone research, which
has remained an active field of research ever since. In addition to work on sexual communication, entomologists studying insect pollinators and herbivorous
insects observed that insects used volatile plant secondary metabolites to locate
their host plants for feeding and oviposition, and that plant secondary metabolites served in defense against herbivorous insects (Harborne, 2001). The
1970’s saw the birth of Chemical Ecology as a separate discipline with the
publishing of the first treaty on the subject (Chemical Ecology, 1970) and the
creation of the Journal of Chemical Ecology in 1976 (Hartmann, 2008;
Harborne, 2001).
Since then, Chemical Ecology has advanced at a breathtaking pace. Ecological, behavioral and applied studies have been supported by an ever-growing
array of biochemical, physiological, anatomical and molecular tools. These
new methods have allowed us to better understand the ecological context behind chemical communication as well as the mechanisms behind odor perception processing. The discovery of odorant receptors (ORs) by Linda Buck and
Richard Axel (1991) in mammals and the subsequent discovery of similar receptors in the fruit fly, Drosophila melanogaster (Clyne et al., 1999; Vosshall
et al., 1999) has led to an ever growing understanding of the mechanisms of
insect olfaction at the peripheral and central neural level. Although D. melanogaster is the main model species in insect olfaction, due to the wide array of
available genetic tools, several other species have been thoroughly studied such
as the honeybee, Apis melifera, due to its learning capacity, and several moths,
including the cotton leafworm, Spodoptera littoralis. Moths have been a focus
of chemical ecology research because of their astounding sensitivity to female
sex pheromone and the stereotypical behavior it evokes, and due to their importance as pests in agriculture, horticulture and forestry.

1.2 Model organisms
1.2.1 Spodoptera littoralis

The genus Spodoptera Guenee (Lepidoptera, Noctuidae) consists of approximately 30 species, half of which are pest insects in different regions of the
world. They are commonly referred to as armyworms due to the ability of larvae to migrate in large numbers. Most species within the genus are polyphagous, feeding on hundreds of plant species (for a detailed review of the genus
see Pogue, 2002).
12

Spodoptera littoralis (Boisduval) (Lepidoptera,
Noctuidae), the cotton leafworm, is distributed
throughout Africa, Mediterranean Europe and
the Middle East, through Iran. It is a highly
polyphagous species that attacks more than 100
economically important species including cotton, maize and vegetable crops. The cotton
leafworm is particularly important as a pest of
cotton in Egypt and maize in Africa due to the
social importance of these crops. Its geographical distribution overlaps with its sibling species, S. litura (Figure 1), in eastern Iran and Pakistan. Due to the lack of clear
morphological characters these two species are often confused, although they
can be distinguished by larval markings and adult genitalia (CABI, 2015;
descoinsi
cosmiodes
latifascia
evanida
pulchella
roseae
marima
ornithogalli
praefica
androgea
dolichos
littoralis
litura
picta
frugiperda

Pogue, 2002).
Figure 1. Phylogeny of part of the Spodoptera genus. In red, S. littoralis and S. litura, the species
used in this thesis. Based off the phylogeny produced by Pogue (2002).

13

1.2.2 Drosophila melanogaster

The genus Drosophila (Fallén) (Diptera, Drosophilidae) comprises approximately 1500 species. They are usually referred to as fruit flies, vinegar flies or
wine flies since many species use decaying and fermenting fruit as their hosts
(Bächli, 2015). Most species of the genus are only a few millimeters long and
only a few are considered to be of economic importance, chief among them D.
suzukii, the spotted-wing Drosophila, which is a serious invasive pest of stone
fruits and berries (Cini et al., 2012).
The common fruit fly, or banana fly,
D. melanogaster (Meigen), is taxonomically grouped in the melanogaster
sub-clade of the Drosophila genus,
along with D. simulans, D. sechellia
and D. mauritiana (Figure 2). It is a
model organism in genetics, physiology, neurobiology and developmental biology due to the ease of laboratory rearing, short generation time, high fecundity, easily visible morphological traits, a
small, fully sequenced genome, and a wide array of molecular tools which
have been developed for it.
Image credit: Shutterstock

erecta
orena
teissieri
yakuba
sechellia
simulans
mauritiana
melanogaster

Figure 1. Phylogeny of the melanogaster subclade of the Drosophila genus. In red, D. melanogaster, D. simulans and D. sechellia, the species used in this thesis. Based off the phylogeny by
van der Linde & Houle (2008).
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1.3 Insect olfaction
1.3.1 Overview

The peripheral olfactory system of insects is comprised of the antennae, which
are the primary olfactory organs. Insect antennae are covered by different types
of sensilla with pores through which odorants enter the sensillar lymph. Each
sensillum normally houses between two and three olfactory sensory neurons
(OSN) that usually express a single type of odorant receptor (OR), which responds to a limited range of chemical compounds. In the lymph, odorant binding proteins (OBP) bind to odorants and play a role in odor perception. One
possible function is the transport of odorant molecules, which tend to be hydrophobic, across the sensillar lymph to the odorant receptors (ORs) (Leal,
2013; Kaissling, 2001). In order for ORs to be capable of responding to new
stimuli after interacting with the OBP/odorant complex or odorant molecules,
these need to be eliminated to give way to new molecules. This process is carried out by enzymatic degradation in the lymph by odorant and pheromone
degrading enzymes (ODE and PDE). ODEs and PDEs both regulate, and terminate signals relayed to the insect brain (Figure 3) (Vogt et al., 1999; Kasang,
1971).

OBP
Odorant
receptors

ODE

Odorants

Figure 3. Insect sensilla, showing odorants, pores, odorant binding proteins, odorant receptors and
odorant degrading enzymes. Modified from Leal, 2013.

Olfactory sensory neurons transmit information to the primary olfactory center,
the antennal lobe (AL). The AL is subdivided into glomeruli which each receive information from all OSNs expressing the same OR. Each glomerulus
gathers the information from between 20 and 2000 ORNs. The number of glo15

meruli in insects varies from 50 to over a thousand, however, it is usually less
than 200 (Hansson & Anton, 2000; Anton & Homberg, 1999). Although it was
initially believed that the AL functioned as an aggregation center where signals
from all OSN with the same receptor combined into one signal, it is now clear
that the AL is the first center of integration and processing of information.
Glomeruli are interconnected by local interneurons (LN). These LNs may be
inhibitory or excitatory and function to integrate the information received by
multiple glomeruli (Hansson & Anton, 2000) and in the sharpening, broadening and fine tuning of signals (Martin et al., 2011). The input information
reaching each glomerulus from multiple OSNs is reduced to two, or three output, projection neurons (PN), which branch out to higher brain centers (Figure
4).
Odors
Odorant receptors
Olfactory sensory neurons
Antenna
Brain
Antennal lobe
Glomeruli
Projection neurons
Higher brain centres
Mushroom body
Lateral horn

Figure 4. Schematic representation of the insect olfactory system. Modified from (Ramdya &
Benton, 2010).

Projection neurons branch out from the ALs to the mushroom bodies (MBs)
and the lateral horns (LHs). The MBs are paired regions of the insect protocerebrum that play a key role in integration of information from different senses, decision-making, learning and memory. The MBs are located in the dorsoposterior region of the head capsule. Although their shape and structure varies
between different families and genera of insects, they are made up of a cap
shaped structure, or calyx, and an elongated pedunculus. (Heisenberg, 2003;
Pascual & Préat, 2001). Most of the MB is made up of intrinsic neurons called
Kenyon cells (KCs). The calix is made of mainly the dendrites of KCs that
supply the pedunculus with branched axon-like structures. The number of KCs
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ranges from several hundred cells in fruit flies to several hundred thousand
cells in hymenopterans (Farris, 2005).
The lateral horn is a aglomerular brain center (Yasuyama et al., 2003). Projection neurons that terminate in a specific region of the LH usually originate
in topologically close glomeruli in the antennal lobe. The LH is separated into
regions that receive input from food-derived signals and pheromone signals,
with some overlap towards the central region (Jefferis et al., 2007; Marin et al.,
2002). It is hypothesized that the LH integrate stereotypical information, which
is responsible for innate and instinctive behavior.
Little is known of the processing of olfactory information beyond the MB
and LH. Neurons branching out from these structures project to diverse regions
of the brain where further processing takes place, leading to the generation of
behavioral responses (for more information on neural coding and processing
see: Galizia, 2014; Martin et al., 2011; Galizia & Rossler, 2010).
1.3.2 Olfaction in S. littoralis

The antennae of both female and male S. littoralis are filiform. Antennae have
two basal segments followed by between 62 and 70 segments (Binyameen et
al., 2012). Although antennae of both males and females are morphologically
similar, the length and diameter of male antennae is greater (Malo et al., 2004).
Antennomeres can be divided into two distinct regions. The dorsal region has
two rows of scales and few squamiform sensilla that probably have propio- or
mechano-receptive functions, and two gustatory sensilla chaetica (Hix et al.,
2003). The ventral region contains most of the olfactory sensilla. Six different
types of sensilla have been described on this region of the antennae. Sensilla
chaetica, (six per antennomere) are gustatory, sensilla styloconica are believed
to be hygro- and thermoreceptors, and coeloconic, auricillic, basiconic and
trichoid sensilla (which are subdivided into short and long), serve a chemosensory function (Binyameen et al., 2012). Basiconic, coeloconic, auricilic, and
short trichoid sensilla respond to plant volatiles. Long trichoid sensilla house
neurons responding to pheromones (Binyameen et al., 2012).
The ORs of Spodoptera have received considerable attention. Using transcriptomics a total of 36 candidate ORs, five GRs, and 12 IRs have been identified from the antennae of S. littoralis (de Fouchier et al., 2015; Jacquin-Joly et
al., 2012; Legeai et al., 2011). However, in view of the fact that 66 ORs have
been found in the genome of Bombyx mori (Tanaka et al., 2009), and that 63
glomeruli have been identified in the antennal lobe of male S. littoralis (Couton
et al., 2009) it is likely that nearly 30 candidate ORs have yet have to be identified. More than half of these ORs have been deorphanized, i.e. ligands have
been identified for them, using the Drosophila empty neuron system (Gonzalez
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et al., 2016). When challenged with high odorant concentrations, most ORs
respond broadly to a variety of different compounds. However, they seem to be
narrowly tuned to only one, or a few compounds at low, ecologically relevant
concentrations (de Fouchier et al., in prep).
Thirty-five OBPs have been identified in the antennae of female S. littoralis
(Jacquin-Joly et al., 2012). Additionally, twenty antennal esterases, which may
function as odorant degrading enzymes, have also been described (Durand et
al., 2010). The protein encoded by the gene SlCXE7 hydrolyzes the two major
components (Z9,E11-14Ac and Z9,E12-14Ac) of the S. littoralis pheromone
and the plant compound, (Z)-3-hexenyl acetate. Degradation of (Z)-3-hexenyl
acetate is considerably faster than that of pheromone components, but its affinity to the pheromone components is greater. As such, SlCXE7 may be responsible for the rapid degradation of an abundant and commonly found plant
volatile and quick processing of low concentration pheromone signals (Durand
et al., 2011).
The female AL of S littoralis has only been mapped superficially and 35
glomeruli have been identified (Saveer et al., 2012; Sadek et al., 2002). The
male AL, on the other hand, has been completely mapped, revealing between
60 and 63 glomeruli, which are mostly organized in one layer around a fibrous
core. Across individuals only 50% of the glomeruli within the AL seem to have
a fixed topology (Couton et al., 2009). The macroglomerular complex (MGC)
is composed of three glomeruli whose function in pheromone detection has
been confirmed through in vivo calcium imaging (Carlsson et al., 2002).
Odors are represented by conserved patterns of glomerular activation and
this has been demonstrated for both pheromone components and plant volatile
compounds in S. littoralis (Saveer et al., 2012; Hansson & Anton, 2000; Anton
& Hansson, 1994). It is still unclear how odor mixtures interact in the AL. Although in honeybees odor blend representations in the antennal lobe do not correspond to the sum of the individual glomeruli activity, this seems to be the
case in S. littoralis (Carlsson et al., 2007; Joerges et al., 1997). Whether this is
due to taxonomical or functional differences is yet to be determined. Communication between glomeruli via (LNs), leads to asymmetry between input to the
AL and output via projection neurons in S. littoralis (Sadek et al., 2002). Although the AL appears to be the first center for information processing, further
studies are required to understand its role in the interpretation of ecologically
relevant odor blends in the cotton leafworm.
Antennal lobe activity in S. littoralis has been shown to be correlated with
behavior and behavioral modulation. Saveer et al. (2012) showed that unmated
females are attracted to floral odors and only weakly to host plant odors whereas mated females are strongly attracted to host plant odors and only weakly to
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floral odors. Activity in the antennal lobe activity was shown to be modulated
accordingly. The activity of glomeruli which respond to floral odors is upregulated before mating and inhibited after mating while those responding to
host plant odors show the opposite pattern (Kromann et al., 2015; Saveer et al.,
2012). Similarly, males show a strong attraction to host plant odors and females before mating, however, attraction to host plants and females is inhibited
after mating. AL activity of the MGC and glomeruli which are activated by
host plant volatiles is strong in unmated males while it is strongly inhibited
shortly after mating (Kromann et al., 2015).
Projection neurons leaving the antennal lobe branch out into mushroom
bodies (MBs) and lateral horn (LH) in Spodoptera littoralis. Studies on projections into the LH and the MBs of the cotton leafworm, and the structure and
immunochemistry of the later have been carried out (Sinakevitch et al., 2008).
1.3.3 Olfaction in D. melanogaster

In contrast to S. littoralis, where methodological limitations provide only a
blurred picture of its olfactory system and circuitry, the genetic toolbox available for D. melanogaster allows us to trace signals from the periphery to higher
brain centers at high resolution.
The Drosophila maxillary palp and antennae house all sensilla that contain
OSNs. The antennae have three segments, the third of which has all of the approximately 410 olfactory sensilla. There are four main types of sensilla on
fruit fly antennae: large basiconic sensilla, that are located in the medialproximal region, trichoid sensilla which cluster on the lateral-distal region, and
the small basiconic and coeloconic sensilla which cluster in the medial region
of the antennae. There has been recent re-classification of trichoid sensilla
which further subdivide them into intermediate sensilla (Lin & Potter, 2015).
Males have nearly 30% more trichoid, and 20% less basiconic sensilla than
females. There are approximately 1200 OSNs on the antennae which branch
into the ALs. The maxillary palps only contain approximately 60 basiconic
sensilla which house 120 neurons that also terminate in the ALs (Vosshall &
Stocker, 2007; De Bruyne et al., 2001; De Bruyne et al., 1999).
The availability of the D. melanogaster genome has made it possible to
identify 60 genes that encode 62 ORs. The ORs of the fruit fly and their receptive range have been thoroughly studied. Ligands have been found for most of
these ORs, and nearly 700 odorants have been show to activate olfactory circuits (Muench & Galizia, 2015). Most ORs have also been tied to specific
OSNs, sensilla, and to their respective glomeruli in the ALs (Couto et al.,
2005; Fishilevich & Vosshall, 2005). There is a wealth of information available
on AL structure and function of the fly olfactory system, from the periphery
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via the AL to and higher brain centers. On the other hand, investigations of the
behavioral coding and consequences of olfactory stimuli is lagging behind,
with the exception of sexual behavior (Auer & Benton, 2016; Martin et al.,
2011).
The mushroom bodies of D. melanogaster are far more organized than
those of moths. Information about the arborisation pattern of PNs from 13
glomeruli into the MBs is available and reveals that PNs from single glomeruli
arborize into a stereotypical region of the MBs. Furthermore it seems that PNs
from neighboring glomeruli terminate in similar regions of the MB calix
(Jefferis et al., 2007; Lin et al., 2007). Projection neurons arborizing into the
LHs show a similar pattern, PNs from topologically close glomeruli terminate
in similar regions in the LH. Additionally, PNs that receive input from OSNs
in the same a sensilla type project to similar areas in the LH (Jefferis et al.,
2007).

1.4 Pheromones in insects
1.4.1 Overview

Pheromones are the best-studied semiochemicals in insects. To date tens of
thousands of compounds have been identified to function as insect pheromones
in nearly 3000 species (El-Sayed, 2014). The composition of pheromones is of
fundamental importance. Although some pheromones may be composed of a
single chemical component, most of them are multicomponent blends, where
the component ratios are critical for signal fidelity. Changes in ratios, or absence of compounds may lead to a breakdown of the signal (Linn et al., 1986).
Pheromones are subdivided into sex, aggregation, alarm, trail or recruitment,
nest recognition and home range marking pheromones (Yew & Chung, 2015;
Vander Meer et al., 1998).
Sexual pheromones are chemical compounds that mediate sexual behavior
including species recognition, mate finding, courtship and copulation. Sex attractants, or mate finding cues, are often produced by female insects to attract
males. However, they may also play an important role in the sexual arousal of
males and in eliciting courtship behavior. Male produced sex pheromones usually serve the function of increasing female receptivity and are often referred to
as aphrodisiacs (Jacobson, 2012). Sex pheromones are usually sexually dimorphic. They serve the additional purpose of gender recognition and play a role in
intra-gender competition (Vosshall, 2008). Sex pheromones, and their interaction with host volatiles are the focus of this thesis.
Aggregation pheromones also function as attractants. They differ from sexual pheromones in that they attract both male and female insects, although they
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inherently function as sex pheromones by bringing individuals of both genders
together, on a host plant or mating site (Vité & Francke, 1976). Aggregation
pheromones are common in the Coleoptera, Blattodea, and Hemiptera and have
been best studied in palm weevils and bark beetles due to their economic importance (Symonds & Gitau-Clarke, 2016; Gries et al., 2015; Bell et al., 1972).
Alarm pheromones are difficult to define due to the wide variety of behaviors that they elicit. They have often been subdivided into different categories
to better explain their function, such as alerting, anti-aggregation, dispersal or
more broadly, agitating pheromones (Vander Meer et al., 1998). Alarm pheromones are common in insects with a varying degree of sociality. Pheromones
which serve a dispersal and anti-aggregation purpose are common in the Hemiptera and have been particularly well studied in aphids. In aphids, (E)-βfarnesene causes colonies to disperse in the presence of predators, leading to
increased predator avoidance (Boullis & Verheggen, 2016). Eusocial insects,
such as ants, wasps, bees and termites have a wider array of alarm pheromones
which elicit caste-specific behavior including brood guarding, recruiting of
soldier castes and stinging behavior (Leonhardt et al., 2016; Delattre et al.,
2015; Yew & Chung, 2015; Vander Meer et al., 1998).
The remaining types of pheromones, trail pheromones, nest recognition
pheromones and home range marking pheromones and queen pheromones are
exclusive to eusocial insects. These pheromones help to differentiate castes,
colony members, colony territory, and lead other members of the colony to
resources. It is noteworthy that pheromones are the most important form of
communication in mediating interaction in social insects (Leonhardt et al.,
2016).
1.4.2 Pheromones in S. littoralis

The cotton leafworm, like other moths, uses a female-produced sex pheromone
for long-range premating communication. The pheromone of S. littoralis was
first described by Nesbitt et al. (1973) as a blend of (Z,E)-9,11-tetradecadienyl
acetate (Z9,E11-14:Ac) (the main pheromone component), (Z)-9-tetradecenyl
acetate (Z9-14:Ac), (E)-11-tetradecadienyl acetate (E11-14:Ac), and tetradecyl
acetate (14:Ac). Since then it has been re-described from populations throughout its distribution range and considerable differences may be observed (Table
1) (El-Sayed, 2014; Saveer et al., 2014).
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Table 1. Pheromone composition of different populations of S. littoralis and S. litura, based on
El-Sayed, 2014 & Saveer et al., 2014. Concentrations of components are expressed as percentages of the total.
Compound
14:Ac
Z9-14:Ac
E11-14:Ac
Z11-14:Ac
Z11-16:Ac
Z9,E11-14:Ac
Z9,Z11-14:Ac
E9,Z11-14:Ac
E9,E11-14:Ac
Z9,E12-14:Ac
E10,E12-14:Ac

Cyprus
28
3
14
55
-

Kenya
95
5
-

Israel
46
9
7
33
4
0.5-1
-

Spain1
1
13
10
5
71
-

Spain2
9
14
10
9
56
11

Spain3
1
11
11
7
57
14

Egypt
1
14
9
6
4
47
1
3
3
2
10

S. litura
14
62
10
14

1.4.3 Pheromones in D. melanogaster

Sexual communication in Drosophila melanogaster is complex, due to the fact
that males and females aggregate on decaying fruit to feed, mate and oviposit.
The male produced volatile sex pheromone 11-cis-vaccenyl acetate (cVA) is
the best-studied fruit fly pheromone. During mating, males release cVA which
increases female receptivity, inhibits male-male courtship, and acts as an aggregation pheromone (Greenspan & Ferveur, 2000). Female receptivity is regulated by doublesex neurons, while male courtship, on the other hand, is largely
determined by the fruitless transcription factor, both of which, respond to cVA.
The neural circuitry behind cVA elicited behavior is one of the best studied
neural pathways in animals (for more on the cVA circuitry see: Auer &
Benton, 2016).
In addition to cVA, D. melanogaster, uses cuticular hydrocarbons to elicit
and modulate courtship and aggregation behaviors. Among these are the female-specific aphrodisiacs (Z,Z)-7,11-heptacosadiene and (Z,Z)-7,11nonacosadiene, the male specific antiaphrodisiacs (Z)-7-tricosene and the male
and female produced compounds methyl laurate, methyl myristate, and methyl
palmitate (Dweck et al., 2015; Greenspan & Ferveur, 2000).
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1.5 Host volatile use by insects
1.5.1 Overview

Insects use host volatiles to find food sources, mating sites and oviposition
sites at a distance (de Bruyne & Baker, 2008; Bruce et al., 2005). Host volatiles provide information about both host identity and quality. The mechanisms
insects use to discriminate between hosts in a complex odor space is still poorly understood. One possibility is that insects use species-specific volatile compounds to identify their respective hosts. Although there are examples that
suggest that this method of host identification may be used by some insects
(Knight & Light, 2001; Hansson et al., 1999; Bjostad & Hibbard, 1992) it is
likely that this is only the case for some specialist species. Alternately, insects
may use a blend of ubiquitous volatiles, in species specific rations to identify
hosts. It is now widely accepted that this is most likely the case for most insect
species (Riffell et al., 2014; Xiao et al., 2012; Bruce & Pickett, 2011; de
Bruyne & Baker, 2008).
Host volatiles also indicate quality. Plants attacked by herbivorous insects
produce volatile defense compounds known as herbivore-induced plant volatiles (HIPVs). Since only plants that have been damaged by herbivorous insects
emit HIPVs they provide honest information to conspecifics and other herbivores about host plant quality. HIPVs may reduce attraction to otherwise suitable host plants and reduce oviposition on them (Allmann et al., 2013; Biere &
Bennett, 2013; Signoretti et al., 2012; Xiao et al., 2012). Similarly, pathogens
and microbes may also produce volatiles that indicate low quality hosts (Biere
& Bennett, 2013; Davis et al., 2013; Stensmyr et al., 2012).
1.5.2 Host plant volatiles and S. littoralis

As a polyphagous insect, S. littoralis is an interesting model for studies on host
plant preference and choice. Even though S. littoralis is a generalist, adults
show a clear innate hierarchy in host plant preference. This innate preference
may, however, be modified by larval feeding experience and adult mating experience (Proffit et al., 2015; Thöming et al., 2013). Although it has been
shown that odors are responsible for both innate preference and learning, it
remains unknown how or on the basis of which volatiles the cotton leafworm
discriminates between host plant species.
An equally interesting question is how S. littoralis avoids non-hosts or low
quality host plants. Although it remains unknown whether specific volatile
cues signify a non-host to generalist insects, it is well established that HIPVs
function as honest indicators of host quality and deter herbivory and oviposition in S. littoralis. Feeding by larvae of Spodoptera littoralis on maize chang23

es the odor profile of the plant in a damage dependent manner (Gouinguene et
al., 2003). Larvae fed on leaves from damaged plants grow slower, their mortality increases, and take nearly twice as long to pupate than larvae feeding on
leaves from undamaged plants (Alborn et al., 1996). Cotton leafworm females
reduce oviposition on cotton plants that have been damaged by conspecific
larvae and other herbivores (Anderson et al., 2011; Anderson & Alborn, 1999).
This reduction in female egg laying may be attributed in great part to de novo
synthesized HIPVs. Not only do HIPV’s confer resistance to the plant emitting
them, but also to undamaged neighboring plants (Zakir et al., 2012).
1.5.3 Host volatiles and D. melanogaster

Drosophila melanogaster uses over-ripe and decaying fruit as a adult and larval host. The flies feed, court, mate and oviposit on overripe fruit, which serves
as a substrate for yeast to grow. Although overripe fruit volatiles and fermentation by-products (wine and vinegar headspace) attract fruit flies (Lebreton et
al., 2012; Becher et al., 2010), it is now clear that volatiles produced by fermenting yeasts alone are enough to elicit attraction of male and female fruit
flies (Scheidler et al., 2015; Becher et al., 2012).
Since fruit flies live on overripe and decaying fruit they also need to be able
to avoid harmful fungi and other microorganisms. It has been shown that microbial produced volatiles, such as geosmin, a common fungal-produced volatile compound elicita avoidance behavior in D. melanogaster and that this
aversion is controlled by both dedicated channels in the antennal lobe, and a
multi-glomerular response (Knaden et al., 2012; Stensmyr et al., 2012).

1.6 Interactions between pheromones and host volatiles
Interactions between host volatiles and pheromones are well established and
have received considerable interest (Reddy & Guerrero, 2004; Landolt &
Phillips, 1997). Host volatiles affect pheromone communication by modifying
insect physiology and behavior when the two signals are combined, and may
enhance the effect of both aggregation and sex pheromones. Host volatile synergism with aggregation pheromones is common in coleopterans (Muniappan
et al., 2004; Reinecke et al., 2002; Erbilgin & Raffa, 2000; Dowd & Bartelt,
1991) and HPVs have also been shown to synergize with moth pheromones
(Trona et al., 2013; Tasin et al., 2007; Yang et al., 2004; Reddy et al., 2002;
Light et al., 1993; Dickens et al., 1990). Synergism between pheromones and
host volatiles has often been considered beneficial to insects since it may increase the probability of finding mates which may already be on hosts, and
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since hosts tend to produce far greater amounts of volatile compounds which
may persist in the environment over longer distances.
However, HPVs may also have an antagonistic effect on attraction to pheromones (Rouyar et al., 2015; Party et al., 2013; Pregitzer et al., 2012; Byers et
al., 2004; Byers et al., 2000; Anton & Hansson, 1995; Anton & Hansson,
1994; Hayes et al., 1994). Negative effects of HPVs on pheromone attraction
are far less understood. It is possible that reduced attraction towards pheromones, mediated by HPVs may be a way to avoid mating on low quality hosts
or have other effects on mate choice.

1.7 Applied aspects
1.7.1 Overview

Our understanding of insect chemical ecology has widespread application in
insect control. One well-known and widely used application is the use of repellent compounds used for protection against blood-feeding insects. Insect repellents are key in the control of insect-vectored diseases and contribute to the
wellbeing of millions of people. Hematophagous insects, however, fall outside
the scope of this thesis and repellents are, accordingly, not discussed here (for
more information see: Maia & Moore, 2011; Katz et al., 2008; Peterson &
Coats, 2001).
In agriculture, the most advanced and successful use of semiochemicals for
insect management relies on sex pheromones. The high sensitivity of insects to
pheromones, and their high specificity, make them a powerful tool in insect
management. Pheromones are formulated either in attractant lures for detection
and population monitoring, or in reservoir-type dispensers for air permeation
and population control through mating disruption (Witzgall et al., 2010). The
high selectivity of pheromones makes them ideal tools, not only as early warning systems of specific pest insects or invasive species, but also for sustainable,
environmentally safe area-wide management. Pheromones are the most efficient way to monitor the spread of invasive species (Bogich et al., 2008; Tobin
et al., 2007) and will play an increasingly important role in a warming climate
which will lead to range expansions of pest species. They are also key in early
warning systems and in determining pest threshold in integrated pest management (IPM) systems, and may help to better time and to reduce the amount of
pesticides or biocontrol angents being used (Cruz et al., 2012; Salas, 2004;
Broza et al., 1991).
Pheromones have been used as lures for mass trapping of insects and lureand-kill techniques (Heuskin et al., 2011). Palm weevils (Soroker et al., 2015;
Alpizar et al., 2012; Oehlschlager et al., 2002; Vidyasagar et al., 2000) and the
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tomato leaf miner Tuta absoluta (Choi et al., 2011; Salas, 2004; Michereff
Filho et al., 2000) are among the most noteworthy examples. Mass trapping
and lure-and-kill techniques work best when both sexes are attracted to the
pheromone and when populations have slow reproductive rate and generation
turn over.
A third use of pheromones in pest management is known as mating disruption. Mating disruption is carried out by permeating a field or orchard with
large amounts of synthetic pheromones, in order to reduce the ability of males
to find females and subsequently reduce the number of offspring. Mating disruption probably works either by causing sensorial fatigue in the males, thereby reducing their ability to perceive pheromone signals, or by causing false
plume following which leads males towards dispensers rather than females.
Mating disruption is widely used in apple orchards in Europe and the United
States to control codling moth, Cydia pomonella, and in vineyards, mainly
against Lobesia botrana (Jung et al., 2013; von Arx et al., 2012; Witzgall et
al., 2010; Stelinski et al., 2008; Witzgall et al., 2008).
Host volatiles have been far less successful as pest control agents due to
their complex chemistry and the fact that insects seem to be far less readily
attracted to plant volatiles than they are to pheromones (Cha et al., 2011). Although we now know that insects respond to specific mixes a relatively few of
the compounds produced by host plants, the practical application of such
knowledge in pest control is still in its early stages. Regardless, some studies
have shown that pest control through the use of synthetic host volatiles is feasible (Guerrero et al., 2014; Cork & Hall, 2007; Martel et al., 2005; Khan et
al., 2000).
Push-pull systems are another promising type of semiochemical-based control approach. Push-pull systems rely on both attractive and repellent compounds or crops working together. The “push” component of these strategies
utilizes repellent crops, or substances within the crop of interest to “push” pest
insect populations away from it, while the “pull” component uses attractive
substances that may be separate traps (dubbed trap crops), pheromones or
mass-trapping lures to pull pests away from the crop of interest (Hassanali et
al., 2008). Push-pull strategies are compatible with other IPM methods, including conservation biological control, use of entomopathogens, and traditional
biological control and have been proven to be effective in many systems (Khan
et al., 2011; Borden et al., 2006; Shelton & Badenes-Perez, 2006;
Duraimurugan & Regupathy, 2005). They have been suggested to be an important component in achieving food security in Africa and other developing
regions where sustenance farming is the norm (Khan et al., 2014).
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A final approach may be to breed for plants which produce semiochemicals
that confer defense against herbivorous insects. This could be achieved through
breeding for plants that constitutively produce compounds that are normally
only produced by plants under herbivore attack in order to make healthy plants
less attractive to herbivores, or attract natural enemies to crops. Breeding programs, which target HPVs and HIPVs, have yet to reach application but may
help to provide sustainable crop protection and food security in the future
(Stenberg et al., 2015).
1.7.2 Semiochemicals in Spodoptera control

There have been several attempts to use semiochemicals for armyworm control. Pheromone traps have been developed to monitor S. littoralis (Kehat &
Dunkelblum, 1993; Kehat et al., 1985; Kehat & Greenberg, 1978) and for lureand-kill strategies (Downham et al., 1995; De Souza et al., 1992). More recent
studies have been carried out in Spodoptera frugiperda in the context of IPM
strategies to better time the application of biological or synthetic insecticides
(Cruz et al., 2012; Meagher, 2001; Broza et al., 1991). Cotton leafworm pheromones have also been tested for mating disruption with good results (Kehat &
Dunkelblum, 1993; Kehat et al., 1986; Campion, 1983), however, these developments have not seen widespread application.
There is a lot of on-going work in optimizing pheromone lures in various
Spodoptera species, and to determine the pheromone composition of local
populations (Velasquez-Velez et al., 2011; Acin et al., 2010; Groot et al.,
2008; Marques, 2004; Sun et al., 2003; Andrade et al., 2000). S. frugiperda has
been a focus of these studies, not only because of its economic importance in
the neotropics, but because there are distinct ratios difference in the pheromone
composition in different host races (Busato et al., 2004; Meagher & Nagoshi,
2004; Murua & Virla, 2004). These differences entail some degree of reproductive isolation between the host races, and lower efficiency of traps
(Velasquez-Velez et al., 2011). These results indicate that while pheromones
may be useful in the IPM of armyworms, lures need to be developed for local
populations rather than species.
Few studies have attempted to use HPVs to control armyworms. Meagher
(2001) attempted to optimize pheromone traps by blending the pheromone of
S. frugiperda with phenyl acetaldehyde, and found that rather than increasing
its efficacy, there was a tendency to decrease captures. Traps also captured
greater numbers of beneficial insects, reducing its applicability in IPM strategies. In a study by von Merey et al. (2011) they attempted to spray green leaf
volatiles on corn plantations to induce the emission of HIPVs and attract larger
numbers of natural enemies. Although sprayed plants did increase the release
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of HIPVs, damage by S. frugiperda increased in treated plants, and the effect
of natural enemies was marginal.
1.7.3 Semiochemicals in Drosophila control

The fruit fly D. melanogaster oviposits on overripe fruit and may therefore be
a nuisance, but causes no damage. However, the taxonomically close and highly invasive spotted wing Drosophila, D. suzukii is currently the most serious
pest of soft fruit and berries in temperate climates. As opposed to Spodoptera,
where pheromones are considered to be the best option for semiochemicalbased control, fruit fermentation volatiles seem to be the best option for control
of spotted wing Drosophila. Several studies have used wine and vinegar as lures in monitoring traps with good success (Cha et al., 2012; Landolt et al.,
2012). There has also been progress in the identification and development of
synthetic blends based on fermentation and fruit volatiles (Abraham et al.,
2015; Cha et al., 2012). Knight et al (2015) showed that insecticide efficacy in
cherries could by improved by mixing it with yeasts and sugar, and current
research investigated whether insecticide-coated cherries become more attractive, due to yeast produced fermentation volatiles, or if flies consume more
insecticide due to a phagostimulatory effect of the yeasts and sugars (Mori et
al., 2016).
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2

Aim and objectives

The aim of this study was to better understand how communication through
social and environmental signals are integrated to modulate mate finding behavior in two taxonomically distant insect species with different host associations and larval feeding habits.
The first part of this thesis (Manuscripts I-III) investigates the behavioral
effect of cotton leaf volatiles on Spodoptera littoralis male moths, alone, and
blended with female-produced sex pheromone. The specific objectives were:
Ø Identify a blend of host plant volatiles that attracts male moths.
Ø Determine the combined effect of plant volatiles and sex pheromone on
male moth attraction.
Ø Investigate the neural coding of blends of plant volatiles and sex pheromone.
The second part of this thesis studies the behavioral effect of fermentation
volatiles in blends with female and male-produced sex pheromones in Drosophila melanogaster. Fruit flies use decomposing fruit for adult and larval
feeding as well as for aggregation and mate finding. We therefore studied the
effect of blending pheromones with food and host cues on fruit fly behavior.
The specific objectives were:
Ø Establish the effect of feeding status on attraction to vinegar, male produced pheromones (cVA), and their blend on male and female fruit flies.
Ø Describe the attraction to a novel, female-produced sex pheromone in
males and females of D. melanogaster and related species.
Ø Study evolution and function of splice-variants of the novel pheromone’s receptor.
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Ø Determine the effect of blending yeast volatiles with male and female
sex pheromone on D. melanogaster attraction.
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3

Summary of results and discussion

3.1 Part I: Interactions between host plant volatiles and
pheromones in the cotton leafworm
In order to study interactions between pheromones and plant volatiles we first
used behavioral, analytical and electrophysiological techniques to determine
antennal-active compounds found in cotton plants, and used them to develop a
synthetic kairomone. We found that a blend of nonanal, (Z)-3 hexenyl acetate,
(E)-β-ocimene, and (R)-(+)-limonene was as attractive as cotton headspace to
females and more attractive to males (Figure 5). Our results also suggested that
(E)-4,8-dimethyl-1,3,7-nonatriene (DMNT) and (R)-(-)-linalool are behavioral
antagonists (Chapter I).
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Figure 5. Flight response of Spodoptera littoralis females and males to sprayed cotton headspace,
and synthetic blends using a piezo-electric sprayer in a wind tunnel. Figure as originally published
in Borrero-Echeverry et al., 2015.

Since DMNT is a well-known herbivore-induced volatile, which plays an important role in herbivore deterrence and plant defense, we used it to explore the
effect of antagonists on the behavior and neurophysiology of S. littoralis. Adding DMNT to our synthetic kairomone strongly suppressed attraction of male
and female moths (Figure 6a-b), and suppressed male attraction to pheromone
(Figure 6c).

32

a)

b)

c)

Figure 6. Behavioural responses of male and female S. littoralis to odours from plants or synthetic
blends. a) Attraction of mated females to cotton headspace collection, the synthetic kairomone
(Mix-5) and the kairomone with DMNT added (Mix-5:DMNT). b) Attraction of unmated males
to cotton headspace collection, the synthetic kairomone (Mix-5) and the kairomone with DMNT
added (Mix-5:DMNT). c) Attraction of male moths to pheromone, and its blend with DMNT at
different proportions. Figure modified from Hatano et al., 2015.

We then studied the neurophysiological basis of this interaction. DMNTresponding glomeruli were not exclusively activated by this compound, which
suggests that S. littoralis doesn’t have an olfactory circuit dedicated to DMNT.
Although DMNT primarily suppressed the glomeruli that were activated by
(Z)-3-hexenyl acetate, a host plant attractant, it appears to have a general inhibitory effect of the antennal lobe at ecologically relevant concentrations in both
males and female moths (Figure 7b). In the male AL, DMNT also strongly
suppressed the response to the main pheromone component, (Z)-9-(E)-11tetradecenyl acetate (Figure 7a). HIPVs, such as DMNT, signal unfavorable
environments and should be avoided by herbivorous insects. We show that a
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single HIPV can have a strong antagonistic effect on host and mate finding
behavior, and propose a neural mechanism behind the observed behavioral inhibition (Chapter II).

Figure 7. Effect of DMNT on Ca2+ responses in male AL to Z9,E11-14:OAc and our synthetic
kairomone (Mix-5). (a) Images of maximum Ca2+ responses to pheromone (1 and 10 µg) and
DMNT (0.1–10 µg). (b) Images of maximum Ca2+ responses to Mix-5 at two concentrations
mixed with DMNT (0.1–10 µg). Figure modified from Hatano et al., 2015.

Lastly, we further studied the behavioral response of male moths towards
blends of HPVs and pheromones. Both an incomplete and a heterospecific
pheromone elicit male attraction, however, blending it with the previously
identified antennally active cotton volatiles, our synthetic kairomone and cotton plants consistently reduced attraction (Figure 8).
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Figure 8. Male S. littoralis upwind flight attraction towards blends of the S. littoralis pheromone
and cotton volatiles and incorrect pheromones and cotton volatiles. Salmon coloured vials represent the four-component pheromone blend, lilac coloured vials represent the main pheromone
component, and green vials represent our synthetic cotton volatile blend. Salmon and lilac coloured moths represent calling S. littoralis and S. litura females, respectively. Cotton leaves represent a healthy cotton plant.

On the contrary, blending the complete S. littoralis pheromone with cotton
volatiles and plants only reduced attraction of male moths when the volatiles
signal a plant damaged by herbivory (Figure 9). Our results demonstrate that
pheromones and host volatiles are perceived, and elicit behavior as a single
unit, rather than as two separate messages. Mate finding mediate by a unit of
pheromones and HPVs not only helps males find females on adequate hosts,
but also allows them to avoid mating on sub-optimal plants, which would reduce their offspring’s fitness. Pheromones and HPVs working as single unit in
mate recognition would make sexual selection and natural selection indistinguishable, which carries strong implications in premating isolation and phylogenetic divergence (Chapter III).
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Figure 9. Male S. littoralis upwind flight attraction towards blends of the S. littoralis pheromone
and damaged cotton volatiles. Salmon coloured vials represent the four-component pheromone
blend and dark red vials represent our synthetic herbivore damaged cotton volatile blend. Salmon
coloured moths represent calling S. littoralis females. Red cotton leaves represent cotton plants
damaged by conspecific larvae.

3.2 Part II: Interactions between feeding cues, host volatiles and
pheromones in the Common Fruit Fly
Since D. melanogaster feeds, aggregates, reproduces and develops on overripe
fruit, we first studied the effect of starvation on pheromone attraction. We used
vinegar as a food odor, cVA, a male produced pheromone, and their blends to
test the effect of starvation on male and female behavior and neurophysiology.
Starvation increases the attraction to food odor in both sexes. However, adding
cVA to vinegar, has a strong synergistic effect on the attraction of fed female
flies, while it has no effect in males (Figure 10). Calcium imaging of the AL
reveals that activation of the DA1 glomerulus, which responds to cVA, and
VM2 glomerulus, which responds to both cVA and vinegar odors, are both
modulated by starvation. Our results demonstrate that although sexual behavior
mediated by cVA in the fruit fly has been traditionally used to study innate
behavior, future research needs to take habitat odors into account since they
modulate cVA response (Chapter IV).
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Figure 10. Attraction of starved and fed unmated D. melanogaster males and females to cVA, in a
flight tunnel (a) and a y-tube olfactometer (b) bioassay. Wind tunnel: upwind flight attraction to
single odor sources (letters show significant differences between insects of same sex and feeding
state, in response to different odor sources. Figure modified from Lebreton et al. 2015.

Next, we describe a novel fruit fly pheromone, (Z)-4-undecenal (Z4-11Al),
which is produced by natural oxidation of female cuticular hydrocarbons and
strongly modifies the odor of fly infested fruit. We used behavioral experiments to investigate long-range attraction of males and females to Z4-11Al in
D. melanogaster and the closely related D. simulans and D. sechellia. Our results show that both male and female D. melanogaster are strongly attracted to
Z4-11Al, while the two sister species do not react to it al all (Figure 11). We
then identified the OR responsible for detection, OR69a. OR69a has two
splice-variants, OR69aA and OR69aB, which respond differently to a wide
breath of compounds including (R)-linalool, a common yeast volatile. We veri37
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Figure 11. Long distance attraction of Drosophila towards Z4-11Al, (R)-linalool, (S)-linalool and
the blend between Z4-11Al and (R)-linalool. Lower case letters indicate statistical differences
within treatments. Upper case letters indicate statistical differences between treatments for the
different Drosophila lines.

Lastly, in order to begin to unravel the biological significance of fermentation
products on the social behavior of D. melanogaster, we studied the effect of
blending vinegar and yeast headspace with both cVA and Z4-11Al. While the
blend of vinegar and cVA has a strong synergistic effect on female attraction,
the blend of yeast and cVA enhances attraction of both sexes. Even though the
blend of vinegar with Z4-11Al increases attraction of males to vinegar it reduces attraction of both sexes compared to Z4-11Al alone. Although Z4-11Al
makes yeast headspace more attractive to both sexes, it is just as attractive on
its own than as part of the blend, suggesting that this compound may mimic
yeast odors (Figure 12).
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Figure 12. Odour-mediated upwind flight attraction of fruit fly Drosophila melanogster males and
females vinegar and yeast headspace, male sex pheromone cVA, female sex pheromone Z4-11Al,
alone and blended with vinegar or yeast, respectively. Letters of the corresponding colours show
differences between treatments.

Our results clearly show that vinegar and yeast odors relay different information to flies. Although yeast headspace is probably synonymous with a substrate that is suitable for larval development and a good aggregation site, the
role of vinegar is far less clear. Vinegar might be a good food cue for laboratory assays but it remains an ill-characterized and variable stimulus. The discrepancies between the behavior elicited by the blend of cVA and yeast headspace,
and cVA and vinegar, are a strong tool which will allow us to identify chemical
compounds responsible for differentiating odors related to feeding behavior
and sexual behavior (Chapter VI).
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4

Concluding remarks

Insects use host volatiles and pheromones to locate different resources. Pheromones signal the presence of mating partners whereas host volatiles have traditionally been considered to function as either feeding or egg-laying cues. In
this thesis I studied the way that host volatiles and pheromones interact in cotton leafworm, Spodoptera littoralis, and the fruit fly, Drosophila melanogaster. Not only are these species taxonomically distant, but they also use their
hosts in very different ways. Cotton leafworm females oviposit on cotton
where larvae develop, whereas fruit flies use overripe fruit as an adult and larval feeding substrate, and an aggregation site for mating. Even though the
ecology of these two species differs with respect to host association and feeding habits, pheromones and host volatiles interact to mediate mate attraction
and generate specific-mate recognition systems.
Although pheromones or host volatiles may be attractive on their own, only
a combination of the right pheromone and host volatile blend acts as a unit to
produce strong attraction to mating sites and mates. Deviations from this optimal unit, either by changes to the pheromone component, or the host component changes the message. Divergent pheromone or host blends may signify
another closely related species or suboptimal habitat for offspring development.
Our results suggest that olfactory cues that mediate mate finding in insects
are under both natural and sexual selection simultaneously, since both changes
that affect host preference, and pheromone preference will affect specific-mate
recognition systems. Populations that either change their host odor preference
or pheromone composition should be under strong stabilizing selection, which
will accelerate the development of premating isolation barriers.
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5

Perspectives

Semiochemicals are essential mediators of insect reproductive behavior. After decades of chemical ecology research we are beginning to understand how
insects perceive, decipher and integrate social and environmental olfactory
stimuli. A continuing effort in chemical ecology research is to identify the signals that allow insect herbivores to find their host plants, how they are discriminated from other plants in an atmosphere that is filled with odorants, and how
they integrate signals from hosts and prospective mates. A better understanding
of odor-mediated behavior, and an increased ability to predict key compounds
can immediately be brought to practical application for the further development of semiochemical-based insect control methods.
Advances in molecular biology have been fundamental for advances in olfactory research. Combined with better imaging equipment, neurogenetic tools
will help us to gain further insight into the brain and the neural basis for innate
behavior, learning, and memory formation. To date, molecular tools are available only for Drosophila, but advances in CRISPR/Cas technology will allow us
to use molecular tools in other species in a near future, leading to new and exciting advances.
The rapid growth in available genomes and transcriptomes in insects, along
with OR deorphanization efforts should allow us to better predict OR ligands
for orphan receptors in non-model species. Additionally, as soon as the protein
structure of ORs has been deciphered, our understanding of ligand-receptor
interaction will grow exponentially. Adding bioinformatics, neurogenetics and
computational chemistry to the traditional chemical ecology research toolbox
will help to predict and identify ligands for odorant receptors, towards a more
rapid dissection of behavioral circuits and interpretation of the adaptive significance of semiochemical-mediated behavior.
Biodiversity on the planet has to a great extent been shaped by plant-insect
interactions, but the mechanism underlying diversifications are incompletely
43

known. Odor communication with individuals of the same species and with
food plants is under sexual and natural selection. Tracing olfactory receptor
genes underlying the search for sex and food during past and current phylogenetic development will contribute to answering the question of how this great
diversity has been shaped.
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The insect olfactory system discriminates odor signals of different biological relevance,
which drive innate behavior. Identification of stimuli that trigger upwind flight attraction
toward host plants is a current challenge, and is essential in developing new, sustainable
plant protection methods, and for furthering our understanding of plant-insect
interactions. Using behavioral, analytical and electrophysiological studies, we here show
that both females and males of the Egyptian cotton leafworm, Spodoptera littoralis
(Lepidoptera, Noctuidae), use blends of volatile compounds to locate their host plant,
cotton, Gossypium hirsutum (Malvales, Malvaceae). Female S. littoralis were engaged
in upwind orientation flight in a wind tunnel when headspace collected from cotton
plants was delivered through a piezoelectric sprayer. Although males took off toward
cotton headspace significantly fewer males than females flew upwind toward the sprayed
headspace. Subsequent assays with antennally active synthetic compounds revealed
that a blend of nonanal, (Z)-3 hexenyl acetate, (E)-β-ocimene, and (R)-(+)-limonene
was as attractive as cotton headspace to females and more attractive to males. Two
compounds, 4,8-dimethyl-1,3(E),7-nonatriene (DMNT) and (R)-(−)-linalool, both known
plant defense compounds may have reduced the flight attraction of both females and
males; more moths were attracted to blends without these two compounds, however,
other compounds such as benzaldehyde may also be behavioral antagonists. Our
findings provide a platform for further investigations on host plant signals mediating innate
behavior, and for the development of novel insect plant protection strategies against S.
littoralis.
Keywords: Spodoptera littoralis, Egyptian cotton leafworm, kairomone, host plant volatiles, headspace, upwind
flight, wind tunnel, electrophysiology

Introduction
Volatile chemical compounds are important in mediating foraging, host, and mate finding behavior
in insects (Bruce et al., 2005; Bengtsson et al., 2006; De Bruyne and Baker, 2008). Plant headspace
consists of complex blends of dozens of compounds and it is blends, rather than single compounds
that convey the specificity of signals and are essential in eliciting odor-driven behavior (De Bruyne
and Baker, 2008).
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Headspace Collection

Male and female moths show sexually dimorphic behavior
in response to plant volatiles but it remains unclear whether
they respond to different stimuli. Females rely on host plant
volatiles to locate appropriate egg laying sites since plant volatiles
convey information about host specificity and physiological,
and phenological state of the plant (Fenemore, 1988; Renwick,
1989; Sun et al., 2003; Reddy and Guerrero, 2004; Mowrey
and Portman, 2012). Although males use female-produced
pheromones to locate receptive females they may use host plant
volatiles to find areas where there is a higher probability of
finding receptive females (Reddy and Guerrero, 2004; Trona
et al., 2010, 2013; Varela et al., 2011; Party et al., 2013).
The cotton leafworm, Spodoptera littoralis (Boisduval, 1833)
(Lepidoptera, Noctuidae), has become a model species for
research on odor-mediated behavior and neurophysiology since
its chemical ecology and physiology has been thoroughly
studied (Anderson et al., 1993, 1995; Anton and Hansson,
1995; Anderson and Alborn, 1999; Jonsson and Anderson, 1999;
Binyameen et al., 2012; Saveer et al., 2012). We recently showed
that volatile compounds attract gravid S. littoralis females and
unmated males to cotton plants (Saveer et al., 2012; Kromann
et al., 2015). However, the composition of the host plant volatile
blend that elicits attraction remains unknown and is the scope of
this study.
Identifying host plant volatile components that mediate
innate behavior in insects is not only essential to understand
neurophysiological, ecological and evolutionary aspects
(Hansson and Stensmyr, 2011), but also holds potential in the
development of novel crop protection strategies (Cork et al.,
2005; Witzgall et al., 2010). As a first step in this, we obtained
robust flight attraction of female and male S. littoralis to natural
cotton headspace at a known concentration using a piezoelectric
sprayer. We then identified 11 antennally active compounds
through GC-EAD analysis of the collected cotton headspace and
out of those we managed to developed a blend composed of a
subset of only four compounds that attracted significantly more
moths than cotton headspace.

Plant odor was collected using a dynamic headspace collection
set-up as described by Saveer et al. (2012). A cotton plant was
placed inside a 5-l glass cylinder. The bottom of the stem was
held tightly in an orifice (ca. 1 cm diameter), shaped by two
adjacent glass panes. Charcoal-filtered continuous air stream
(350 ml/min) was pushed through the glass cylinder by an inlet
pump. At the top of the cylinder, air was drawn through two
outlets, situated opposite to each other, equipped with two air
filters (air flow 150 ml/min, each). The excess air left the jar via
the opening around the stem, avoiding the entry of unfiltered
air. Volatiles were collected during 24 h (12L:12D) at 22◦ C from
individual plants.
Air filters were made of glass tubes (4 × 40 mm), packed
with 50 mg Super Q adsorbent (80/100 mesh, Altech, Deerfield,
IL, USA) between glass wool plugs. The filters were rinsed
with 2 ml re-distilled ethanol and n-hexane (LabScan, Malmö,
Sweden) before use. The compounds collected in each column
were eluted with 500 µl re-distilled n-hexane. Headspace was
collected during a total of 1848 h from 40 plants. These odor
collections were pooled for wind tunnel experiments, and subsamples were condensed under a stream of nitrogen to contain
10 min equivalents/µl, transferred to glass capillaries, sealed, and
kept at −20◦ C for use in chemical analysis.

Chemical Analysis
Plant headspace collections were analysed on a combined gas
chromatography and mass spectrometry (GC–MS; 6890 GC and
5975 MS; Agilent Technologies, Santa Clara, CA, USA), operated
in the electron impact ionization mode at 70 eV. The GC was
equipped with fused silica capillary columns (30 m × 0.25 mm,
d.f. 0.25 mm), DB-wax (J&W Scientific, Folsom, CA, USA)
or HP-5MS (Agilent). Helium was used as the mobile phase
at an average linear flow rate of 35 cm/s. Two microliters of
each sample were injected in splitless mode during 30 s, with
an injector temperature of 225◦ C. The GC oven temperature
for both columns was programmed from 30◦ C (3 min hold) at
8◦ C/min to 225◦ C (5 min hold). Separation and identification of
linalool and limonene enantiomers was performed on a fused
silica capillary column (30 m × 0.25 mm) coated with HPchiral 20B (d.f. 0.25 mm; Agilent). Two microliters were injected
manually, splitless, during 6 s at 225◦ C, to enable sharp injections
and narrow, separated peaks of the enantiomers. The GC was
programmed from 80◦ C (2 min hold) at 10◦ C/min to 110◦ C,
and was held isothermal for 3 min, for separation of linalool
enantiomers and was programmed from 30◦ C (3 min hold) at
8◦ C/min to 225◦ C (10 min hold) for separation of limonene
enantiomers. Compounds were identified according to retention
times (Kovat’s indices) and mass spectra, in comparison with a
NIST library (Agilent), our own library (Alnarp 11) and authentic
standards. For quantification, 100 ng of heptyl acetate (99.8%
chemical purity; Aldrich) was added as an internal standard.

Materials and Methods
Insects
Spodoptera littoralis was obtained from the Dept. of Entomology,
Alexandria University, Egypt. Insects were gathered in 2008 and
the culture was renewed with fresh insects from Egypt at least
once a year through the study period. Insects were raised on a
semisynthetic agar-based diet (modified from Hinks and Byers,
1976) under a 16L:8D photoperiod, at 24◦ C and 50–60% relative
humidity (RH). Males and females were separated as pupae into
30 × 30 × 30 cm plexiglass cages. Three-day-old old moths were
used in all bioassays. Females were mated 24–27 h before testing.
Adult age was monitored by shifting pupae to a new box daily.

Plant Material
Electrophysiology

Cotton seedlings (Gossypium hirsutum L., cv. Delta Pineland 90)
were grown individually at 25◦ C and 70% RH, under daylight and
an artificial light source (400 W). Cotton plants used in headspace
collection had 8–10 fully developed true leaves.
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In order to screen the antennal active components from the
natural headspace of cotton plants, we studied the antennal
responses of mated female S. littoralis (n = 8 − 10) to
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pooled headspace extracts using gas chromatograph-coupled
electroantennographic detection (GC-EAD) using an EAD setup
(IDAC-2; Syntech; Kirchzarten, Germany) coupled to an Agilent
6890 GC. For GC-EAD recordings the above mentioned GC
programs were used. At the GC effluent, 4 psi of nitrogen were
added and the effluent was split 1:1 in a Gerstel 3D/2 low dead
volume four-way cross (Gerstel; Mülheim, Germany) between
the flame ionization detector and the EAD. The GC effluent
capillary which led to the EAD passed through a Gerstel ODP3 transfer line that tracked oven temperature and was connected
to a glass tube (30 × 8 mm), where it was mixed with charcoal
filtered air (18–20◦ C, 50 cm/s).
Antennae were cut at the base and one or two segments were
inserted into a glass capillary filled with Beadle-Ephrussi Ringer
that served as a recording electrode. The recording electrode
was connected to a high impedance DC amplifier interphase
box (IDAC-2; Syntech). Reference electrodes were prepared by
cutting the glass capillary at an angle of 45◦ at the tip and filled
with ringer solution. After cutting a distal segment, antennae
were rested above the ringer solution without inserting it into
a reference electrode to avoid loss of segments being exposed
to the odor. Chromatograms and EAD runs were superimposed
and averaged. Antennal active compounds were verified using
synthetic standards on both male and female antennae.

Synthetic Mixtures and Chemicals
Synthetic cotton blends of the GC-EAD active compounds
(Figure 1), in the proportions and concentrations found in
cotton headspace were prepared in redistilled ethanol (Labscan)
since it was determined to be a proper solvent for studies
in lepidopterans (El-Sayed et al., 1999). The individual
chemical compounds used in the blends were β-myrcene (97%
chemical purity; Fluka), (R)-(+)-limonene (95% chemical purity;
Aldrich), (E)-β-ocimene (91% chemical purity; Fluka), 4,8dimethyl-1,3(E),7-nonatriene (DMNT) (95% chemical purity;
provided by Wittko Francke), (Z)-3 hexenyl acetate (99%
chemical purity; Aldrich), (R)-(−)-linalool (95% chemical purity;
Firmenich), nonanal (90% chemical purity; Fluka), decanal (95%
chemical purity; Sigma), benzaldehyde (99.5% chemical purity;
Aldrich), β-caryophyllene (98% chemical purity; Aldrich), and
α-humulene (98% chemical purity; Aldrich).

FIGURE 1 | (A) Representative trace of the antennal response of mated
Spodoptera littoralis females to natural cotton headspace extracts that were
tested in the flight tunnel. FID, flame ionization detector; EAD,
electroantennographic detection. (B) Antennal response for GC-EAD
recordings (N = 8–10) in female moths. Bars represent 1 standard error.

Unmated male and mated female moths were placed
individually in glass tubes on a platform at the downwind end
of the tunnel and observed for 5 min. 40 individual insects were
used for every treatment. The following steps of the behavioral
sequence were recorded: activation (walking in the tube and
wing-fanning), takeoff, upwind flight (over 90 cm from takeoff),
source approach (30 cm from source), and landing at the source.

Wind Tunnel Bioassays
Wind Tunnel
Flight attraction experiments of female and male S. littoralis
to cotton headspace and synthetic blends were performed in a
plexiglass wind tunnel (180 × 90 × 60 cm), illuminated from
above and side at 6 lux, with a wind speed of 30 cm/s, temperature
of 24 ± 2◦ C and 60 ± 10% RH. Incoming and outgoing air was
filtered with active charcoal (Witzgall et al., 2001).
Males and females were kept in separate rooms in order
to avoid pre-exposing males to pheromone before experiments.
About 1 h before experiments moths were transferred to
individual 2.5 × 12.5 cm glass tubes closed with gauze, which
were kept in the wind tunnel room before testing, to allow them
to acclimatize to the environment. Experiments were carried out
between 1 and 4 h after the onset of the scotophase.

Frontiers in Ecology and Evolution | www.frontiersin.org

Odor Delivery
Cotton headspace collections and synthetic odor blends were
delivered from the center of the upwind end of the wind tunnel
via a piezo-electric spraying mechanism (El-Sayed et al., 1999;
Becher et al., 2010). Samples were loaded into a 1-ml glass syringe
operated by a microinjection pump (CMA Microdialysis AB,
Solna, Sweden) that delivered test solutions at a constant rate
of 10 µl/min through Teflon tubing into a glass capillary with
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a narrow, elongated tip. The capillary was attached to a piezoceramic disk, which vibrated at ∼100 kHz, producing an aerosol
that was carried downwind. A glass cylinder (95 mm diameter ×
100 mm height), covered by a fine metallic mesh (pore size 2 mm)
was placed in front of the capillary to avoid it being damaged
by insect contact. Synthetic blends were formulated to mimic
natural headspace concentrations and release equivalents from
plants for spraying in experiments.

Statistical Analysis
Generalized linear models (GLM) with a Bernoulli binomial
distribution were used to analyze behavioral data. Takeoff,
upwind flight and sex were used as the target effects. Post-hoc
Wald pairwise comparison tests were used to identify differences
between treatments. Significance was determined at α = 95%,
however, some treatments were considered to be significantly
different at α = 94% and are indicated in the results. All statistical
analysis were carried out using SPSS v.20 and R (IBM Corp, 2013;
R Core Team, 2013).

Results
Attraction to Sprayed Cotton Headspace
Previously, we have shown robust upwind flight attraction of
mated female S. littoralis to cotton plants in a wind tunnel study,
where 75% of the females initiated flight, 40% flew upwind over
150 cm and 22% contacted the plant (Saveer et al., 2012). In
comparison we here show that fewer mated females responded to
re-vaporized, sprayed headspace extracts from the cotton plants:
35% of the test females took off and 10% flew upwind. Only
18% of unmated males responded to the sprayed extract by
taking off and none flew upwind. Females were more attracted to
sprayed cotton headspace than males, but the difference was not
significant (z = 1.811, p = 0.0701; Figure 2). Females and males
did not respond to sprayed ethanol alone (0% takeoff for both
males and females) or an absolute blank (0% takeoff for females
and 2% for males).

FIGURE 2 | Flight response of Spodoptera littoralis females and males
to sprayed cotton headspace, and synthetic blends using a
piezoelectric sprayer in a flight tunnel assay. Headspace was released at
1800 ng/h of the main compound DMNT. Gray circles indicate which
compounds are included in each blend. Different letters indicate statistical
differences between the blends, and asterisks indicate treatments which differ
between males and females. A generalized linear model (GLM) with a Bernoulli
binomial distribution and post-hoc Wald pairwise comparison tests were used
to identify differences between treatments (N = 50).

Significantly more males took off (42%) and flew upwind (30%);
in comparison, 20% of the females took flight, and 15% of them
flew upwind (z = 3.82, p = 0.019; z = 1.89, p = 0.053
for takeoff and upwind flight, respectively). This is in contrast
with the behavioral response to headspace, which attracted more
females than males (Figure 2).
All synthetic blends tested (Blend I–V) were as attractive,
or more attractive than cotton headspace in both sexes. The
four-component blend (Blend V; containing nonanal, (Z)3 hexenyl acetate, (E)-β-ocimene, and (R)-(−)-linalool) was
the most attractive blend for females, eliciting the highest
percentage of takeoff and upwind flight. Blend V attracted
significantly more males than cotton headspace and did not
differ significantly from Blend I. Blend V was significantly more
attractive than the blends III and IV in both males and females
(Figure 2).

Antennal Active Compounds and Synthetic
Blends
GC-EAD recordings showed that seven compounds, β-myrcene,
(R)-(+)-limonene,
(E)-β-ocimene,
4,8-dimethyl-1,3(E),7nonatriene (DMNT), (Z)-3-hexenyl acetate, nonanal, and
benzaldehyde, evoked a consistent antennal response in
all recordings (n = 8 − 10, Figure 1). Four additional
compounds, (R)-(−)-linalool, decanal, β-caryophyllene and
α-humulene, occasionally elicited a response. The response
to these compounds was verified through EAG with synthetic
standards. The most abundant antennally active compounds in
cotton headspace were DMNT and benzaldehyde (Figure 1).

Attraction to Sprayed Synthetic Blends
A series of wind tunnel experiments was conducted to
determine the behaviorally salient odorants (Figure 2) that were
identified through GC-EAD analysis from the natural headspace
extracts (Figure 1). An 11-component synthetic blend (Blend I),
containing all antennally active compounds, released at the same
ratios and rates, attracted more males than females (Figure 2).
Frontiers in Ecology and Evolution | www.frontiersin.org

Discussion
The cotton leafworm, S. littoralis, relies on olfactory signals
to locate food, hosts and mating sites. Our previous studies
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have shown that the olfactory response is plastic, as males and
females respond to odor signals in accordance to their internal
physiological state (Saveer et al., 2012; Kromann et al., 2015).
However, it was unknown which chemicals mediate the flight
attraction response. Here we show that a 4-component blend
of plant volatiles mediates attraction of S. littoralis males and
females to their host plant cotton, G. hirsutum (Figure 2).
Cotton headspace induced a strong attraction response in
females but failed to attract males (Figure 2). Using the wind
tunnel protocol of Saveer et al. (2012) and Kromann et al. (2015),
fewer moths responded to sprayed cotton headspace than to
live cotton plants. Neither headspace nor Blend I, containing
all antennally active compounds found in headspace, elicited
landings at the source, whereas ∼20% landed on cotton plants
(Saveer et al., 2012; Kromann et al., 2015).
The discrepancy between the attraction to cotton plants and
to cotton headspace could be due to the sprayer device, which
was used to release headspace. An alternative explanation is
differences between the chemical composition of plant headspace
and our headspace collections.
The piezo sprayer delivers vaporized solutions at a known
purity and rate, and makes it possible to compare the
behavioral response to plant headspace and synthetic mimics. In
comparison, passive dispensers, such as filter paper and rubber
septa, release chemicals at unknown, exponentially decreasing
rates and distort blend proportions, depending to compound
vapor pressure (El-Sayed et al., 1999; Tasin et al., 2006a,b).
However, the sprayer does not provide a visual stimulus, which
may affect the landing and flight response, since insects integrate
olfactory and visual stimuli during upwind flight (Reisenman
et al., 2000; Balkenius and Dacke, 2010).
Subsets of the compounds found in cotton headspace are
sufficient to elicit upwind flight, and a 4-component blend
is more attractive than the complete 11-component blend
(Figure 2). This leads us to believe that our headspace collections
contained attraction antagonists, which may be released by
plants that may have been damaged or stressed during volatile
collections (Tasin et al., 2005; Zakir et al., 2012).
We hypothesize that the presence of known plant defense
compounds, such as (R)-(−)-linalool and DMNT, in our cotton
headspace may reduce attraction of males and females to cotton
headspace and synthetic blends. However, we cannot exclude the
possibility that other compounds are involved in the observed
reduction in attraction of Blends III and IV. (R)-(−)-linalool
and DMNT are produced in response S. littoralis feeding on
cotton and are well-known defense compounds (Loughrin et al.,
1994; Turlings et al., 1995; Anderson and Alborn, 1999; Zakir
et al., 2012; Zakir Ali, 2012; Allmann et al., 2013). That these
compounds are detected by olfactory sensory neurons in S.
littoralis (Binyameen et al., 2012; Saveer et al., 2012), further
corroborates their biological relevance.
Linalool has been shown to both reduce firing of pheromone
sensitive neurons in S. littoralis (Party et al., 2009) and to interfere
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with orientation on a locomotion compensator (Party et al.,
2013). Xiao et al. (2012) found that rice lines producing (S)-(+)linalool attract both herbivores and predators and parasitoids.
In Manduca sexta (Linnaeus), the enantiomers of linalool have
a different behavioral effect: females preferentially oviposit on
plants emitting (S)-(+)-linalool, while they prefer control plants
over plants emitting (R)-(−)-linalool (Reisenman et al., 2010).
These results concur with our wind tunnel study and corroborate
the idea that (R)-(−)-linalool is in part responsible for reduced
attraction to Blends I, II, and particularly to Blend III.
DMNT has often been associated with the attraction of
predators and parasitoids, since it is commonly found among
herbivore-induced plant volatile bouquets. The effect of DMNT
as a single compound has only been shown in the predatory mite
Phytoseiulus persimilis (Athias-Henriot) (Dicke et al., 1990; De
Boer et al., 2004), while blends containing DMNT have been
studied in many herbivores, predators or parasitoids (Hoballah
et al., 2002; Kappers et al., 2005; Kos et al., 2013; Mccormick
et al., 2014). Larvae of Spodoptera frugiperda (Smith) and Lobesia
botrana (Dennis and Schiffermüller) are attracted to a blend of
host volatiles and DMNT (Carroll et al., 2008; Becher and Guerin,
2009). DMNT does not reduce attraction of grape berry moth
Paralobesia viteana (Clemens) and the European grapevine moth
L. botrana in wind tunnel assays (Tasin et al., 2006a, 2007; Cha
et al., 2008, 2011). Taken together, these studies show that the
effect of DMNT is context-dependent and further studies are
needed to determine its role in S. littoralis host attraction.
Our data support the long-standing assertion that host plant
finding by gravid females of herbivorous insects is mediated by
plant volatiles (Bruce et al., 2005), and lends support to the
idea that males also use plant volatiles to orient toward host
plants in order to find females more efficiently (Dickens et al.,
1993; Coracini et al., 2004; Von Arx et al., 2012; Trona et al.,
2013). Along with the literature on induced defense compounds,
our results suggest that (R)-(−)-linalool and DMNT have an
antagonistic effect on S. littoralis host plant attraction. Further
studies on potential antagonists are necessary since this study
unable to rule out the antagonistic effect of other compounds
such as benzaldehyde and β-myrcene. Identification of a simple,
four-component blend that elicits attraction in both males and
females of S. littoralis will facilitate further studies on the
physiology, ecology, and behavior of this species.
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Abstract
Background: Plants under herbivore attack release volatiles that attract natural enemies, and herbivores in turn
avoid such plants. Whilst herbivore-induced plant volatile blends appeared to reduce the attractiveness of host
plants to herbivores, the volatiles that are key in this process and particularly the way in which deterrence is coded
in the olfactory system are largely unknown. Here we demonstrate that herbivore-induced cotton volatiles suppress
orientation of the moth Spodoptera littoralis to host plants and mates.
Results: We found that (E)-4,8-dimethyl-1,3,7-nonatriene (DMNT), an induced volatile, is key in herbivore deterrence:
DMNT suppressed plant odour- and pheromone-induced behaviours. We then dissected the neurophysiological
basis of this interaction. DMNT-responding glomeruli were also activated by other plant compounds, suggesting
that S. littoralis possesses no segregated olfactory circuit dedicated exclusively to DMNT. Instead, DMNT suppressed
responses to the main pheromone component, (Z)-9-(E)-11-tetradecenyl acetate, and primarily to (Z)-3-hexenyl
acetate, a host plant attractant.
Conclusion: Our study shows that olfactory sensory inhibition, which has previously been reported without
reference to an animal’s ecology, can be at the core of coding of ecologically relevant odours. As DMNT attracts
natural enemies and deters herbivores, it may be useful in the development or enhancement of push-pull
strategies for sustainable agriculture.
Keywords: (E)-4,8-dimethyl-1,3,7-nonatriene, Herbivore-induced plant volatiles, Suppression, Antennal lobe,
Spodoptera littoralis, Oviposition choice, Mating disruption, Olfaction, Orientation

Background
Choosing suitable oviposition sites is a fundamental
strategy and for most species the only care provided for
their offspring [1]. Therefore, animals should carefully
assess cues that signify the quality of the site, the risk of
predation, and the likelihood of competition. Although
experience may refine an animal’s responses [2], these
signals often trigger innate responses through hardwired neural circuitries [3].
Plants emit a plethora of volatile organic compounds
(VOCs) that herbivorous insects use as orientation cues
* Correspondence: edhatano@gmail.com
Peter Witzgall and Teun Dekker shared last authorship.
1
Department of Plant Protection Biology, Swedish University of Agricultural
Sciences, Box 102, 23053 Alnarp, Sweden
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[4]. Herbivore damage induces plants to activate specific
biochemical pathways that heighten their defence against
herbivores. In addition to toxins and antifeedants, induced
defences can also be indirect by recruiting natural enemies
of herbivores using herbivore-induced plant volatiles
(HIPVs). These are generally composed of green leaf volatiles (C6 molecules) and a set of terpenoids [5–7]. Parasitoids and predators cue in to several of these compounds
[5, 8], of which the most well studied is the de novo synthesized homoterpene, (E)-4,8-dimethyl-1,3,7-nonatriene
(DMNT) [5, 9].
Herbivores themselves are also sensitive to HIPVs, and
prefer plants that do not emit these odours [10, 11].
Detection and avoidance of induced plants has benefits
for ovipositing herbivores. (I) HIPVs indicate intra- or

© 2015 Hatano et al. Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
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interspecific competitors in the host plant site [12, 13].
(II) They indicate a heightened defence response in
attacked plants [14, 15] and frequently in its downwind
neighbours [16, 17], which generally affects survival, particularly of early larval instars [18]. (III) Finally, offspring
in sites containing induced plants will likely suffer a
higher level of parasitization and predation [11, 19].
Several studies have demonstrated the significance of
odours in aversion of induced plants [12, 13, 20]. Yet,
herbivore detection of HIPVs has not been dissected out
either behaviourally or physiologically, in spite of their
fundamental role in push-pull systems and their potential for novel chemical ecology-based methods of insect
control [21].
In this study we show that DMNT, a key plant compound used by natural enemies in finding prey, is used
by females and males of the Egyptian cotton leaf worm
(Spodoptera littoralis, Boisd., Lepidoptera: Noctuidae), to
avoid induced plant sites and calling females, respectively. Finally, we found that behavioural disruption is paralleled by suppression of pheromone and plant odour
induced-activity in the antennal lobes (ALs) and antennae
without any DMNT-specific neural channel. Olfactory
sensory inhibition appears of behavioural and evolutionary
ecological significance, and might benefit fitness of herbivores by assessing risks of predation and competition. The
importance of the findings is also discussed in the light of
sustainable agriculture.

Results
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in high amounts by damaged cotton plants [24–28] and its
ecological importance in attracting natural enemies. Based
on previous analyses of cotton VOCs [20, 29], we designed
a synthetic plant blend (Mix-5) that optimized attraction of
S. littoralis [20, 29, 30] and that could also be used in
physiological assays. Mix-5 contained five volatile compounds found in the cotton headspace: β-myrcene, ocimene, (R)-(+)-limonene, (Z)-3-hexenyl acetate and nonanal.
In wind tunnel assays using a piezo-electric sprayer to
disperse stimuli, cotton headspace collection (data as in
[30]) triggered weaker behavioural responses of mated
female moths than Mix-5 did (Fig. 1c). Addition of
DMNT to Mix-5 strongly inhibited take-off and upwind
flight steps (Fig. 1c; Take-off: d.dev. = 25.822, df = 2, P <
0.001; Upwind: d.dev. = 12.835, df = 2, P < 0.01).
Attraction of males to cotton headspace collection
(data as in [30]) and Mix-5 was relatively weak compared to females, and it was not significantly affected by
the addition of DMNT (Fig. 1d; Take-off: d.dev. = 4.618,
df = 2, P = 0.099; Upwind: d.dev. = 7.272, df = 2, P =
0.263). Conversely, attraction to the main pheromone
component, Z9,E11-14:OAc, was disrupted in the presence of DMNT at several concentrations (Fig. 1e; Takeoff: d.dev. = 49.529, df = 4, P < 0.001; Upwind: d.dev. =
70.638, df = 4, P < 0.001).
These findings demonstrate that DMNT is an active
compound in the cotton volatile blend that significantly
interferes in odorant perception in both sexes, affecting
their mating and oviposition choices. Next we investigated
how DMNT affected odour coding in males and females.

Herbivore-damaged plants affect behaviour

According to previous studies, damaged and undamaged
cotton plants emit different patterns of volatiles. A series
of tests was performed to confirm that these patterns
differentially affect the behavioural response of moths
[22–28]. In wind tunnel dual-choice assays, a higher percentage of virgin males was attracted to the sex pheromone extract with odorant background from undamaged
than from damaged plants (Fig. 1a; d.dev. = 8.352, df = 1,
P < 0.01). When virgin females had access to either
damaged or undamaged plants in cage assays, calling
behaviour was suppressed when females perched on
herbivore-induced plants compared to females on undamaged plants (Fig. 1b; d.dev. = 40.759, df = 1, P < 0.01). This
effect was independent of female age (d.dev. = 2.021, df = 2,
P = 0.364). These results confirmed that herbivore-induced
cotton plants suppressed sexual behaviours in both males
and females compared to undamaged plants. However, it
remained to be tested which volatile compound suppressed
these behavioural responses.
DMNT effects on flight behaviour

We investigated the effect of the HIPV DMNT on the
behaviour of male and female moths due to its emission

DMNT suppressed odour-evoked Ca2+ responses in males

The largest glomerulus of the macroglomerular complex
(MGC) of S. littoralis, the cumulus, is dedicated to detecting the main pheromone component, Z9,E11-14:OAc
[31]. As the major pheromone alone induces robust upwind flight in males, we focussed on the responses of the
cumulus to Z9,E11-14:OAc alone and in combination with
DMNT using Ca2+ imaging. Z9,E11-14:OAc (1 and 10 μg)
elicited calcium responses in the cumulus, but addition of
DMNT suppressed them (Fig. 2a,c). Suppression was particularly strong at 10 μg of Z9,E11-14:OAc (linear mixedeffects models, lme, χ2 = 111.91, df = 4, P < 0.001) and
more gradual at 1 μg with increasing doses of DMNT
(lme, χ2 = 96.149, df = 4, P < 0.001). Response to DMNT
alone was found only in ordinary glomeruli (Fig. 2d; lme,
χ2 = 8.324, df = 3, P < 0.05), but not in the cumulus (Fig. 2c;
lme, χ2 = 4.279, df = 3, P = 0.233). These results corroborate the inhibition of the olfactory-evoked behaviour of
male moths when flying towards a pheromone source, and
suggest that the pheromone and DMNT signals interact at
the peripheral level, possibly either via competitive antagonism or allosteric inhibition, as was proposed for
Helitothis virescens [32].
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Fig. 1 Behavioural responses of male and female S. littoralis to odours from plants or synthetic blends. Bars represent proportions of attracted
moths (+SE). a Attraction of virgin male moths towards pheromone gland extracts in a wind tunnel assay with herbivore-damaged or
undamaged cotton plants as odour background (P < 0.01, n = 30). b Proportion of virgin female moths that exhibited calling behaviour in the
presence of either damaged or undamaged cotton plants (n = 30). c Attraction of mated females to cotton headspace collection (data as in
[30]), Mix-5 and Mix-5:DMNT (n = 40). d Attraction of virgin males to cotton headspace (data as in [30]), Mix-5 and Mix-5:DMNT were not
significantly different (n = 50). e Pheromone-triggered response of males was suppressed by DMNT at different ratios (n = 50). Different letters
indicate statistical differences between the odours (binomial GLM, P < 0.001)

Male ordinary glomeruli responded to Mix-5 at both
concentrations (Fig. 2b,d; lme, concentration 1: χ2 =
21.247, df = 4, P < 0.001; concentration 2: χ2 = 35.581, df =
4, P < 0.001). However, addition of DMNT to Mix-5 suppressed Ca2+ responses at Mix-5 only at concentration 2
but not at concentration 1 (Fig. 2b,d). Because of the weak
behavioural responses to Mix-5 in males (Fig. 1d), we did
not further investigate the activity of individual glomeruli.
Suppression of pheromone perception occurs at the
peripheral level

As responses from sensory neurons dominate Ca2+ responses in the ALs, we verified if the inhibition of the
response in combination with DMNT was due to presynaptic (OSN-OSN or local interneuron-OSN) inhibition,
or whether the interaction occurred peripherally. Recordings from male-specific long trichoid sensilla housing olfactory sensory neurons (OSNs) that responded solely to
pheromone demonstrated that addition of DMNT to the
pheromone stimulus significantly reduced the response to
the latter at different concentrations (Fig. 3; Poisson glm,
0.1 μg: d.dev = 45.635, df = 2, P < 0.001; 1 μg: d.dev =
114.35, df = 2, P < 0.001). This result suggests that attenuation of the pheromone OSN firing response was independent of input from the DMNT OSN.
DMNT suppressed odour-evoked Ca2+ responses
in females

Ca2+ responses to both concentrations of Mix-5 in the
ALs of females were suppressed by DMNT (Fig. 4; lme,
concentration 1: χ2 = 32.199, df = 4, P < 0.001; concentration 2: χ2 = 53.514, df = 4, P < 0.001). DMNT triggered
Ca2+ responses only at 10 μg, the highest dose (Fig. 4a,b;
lme, χ2 = 8.832, df = 3, P < 0.001). It is likely that the expression of DMNT-responding ORs in males and females is quantitatively similar, since the olfactory system
of males seems to be as sensitive to DMNT as females
are in dose-responses to DMNT. Since attraction of S.
littoralis females towards Mix-5 was strongly disrupted
by DMNT (Fig. 1c), we investigated whether the suppression was due to a particular single glomerulus or set
of glomeruli, and whether DMNT disrupted the perception of any particular odour in the mixture. All test statistics of responses of individual glomeruli are presented
in Additional file 1.

Using a set of reference compounds, we mapped on
average 16 responding glomeruli per animal. Based on
activation patterns of reference compounds, eight glomeruli (glomeruli 1, 3, 7, 9, 18, 21, 22, and 25) were consistently identified. Glomeruli differed substantially in
their response to Mix-5, DMNT and their combinations.
Glomerulus 18 was not significantly suppressed by the
addition of DMNT when responding to either concentration of Mix-5, unlike glomeruli 1, 3 and 25 (Fig. 4c).
Glomeruli 7, 21 and 22 were intermediate between these
two, with DMNT-induced suppression only at the lower
dose of Mix-5 (Fig. 4c). Suppression was not restricted
to those glomeruli that responded to DMNT (glomeruli
1, 3, 9, 21 and 22), indicating that besides competitive
antagonism and allosteric interactions, other mechanisms may be involved in the suppressive activity of the
DMNT-sensitive OSN, such as presynaptic inhibition via
local interneuron (LNs) [33, 34].
Next, we investigated Ca2+ responses to single components in order to identify the response to which odorant
of Mix-5 was affected by DMNT. Since significant suppression was already detected at 0.1 and 1.0 μg DMNT,
we focussed on these two doses. Each compound from
Mix-5 was tested at 10 μg, which elicited significant calcium responses (Fig. 5). Ca2+ responses showed that only
the response to (Z)-3-hexenyl acetate was significantly
suppressed by addition of DMNT (Fig. 5d) compared to
the other compounds (Fig. 5a,b,c,e). Among six glomeruli
activated by (Z)-3-hexenyl acetate, five were significantly
suppressed by DMNT (glomeruli 7, 9, 18, 21 and 25;
Fig. 5d). Again, this effect was not restricted to DMNTactivated glomeruli. Some apparent mixture interactions
were also observed. For instance, DMNT-induced suppression of glomerulus 18 was only observed when stimulating with (Z)-3-hexenyl acetate, but not with Mix-5. The
opposite was observed for glomerulus 3. It may thus be
that the behavioural suppression by DMNT is not solely
caused by suppression of responses in specific glomeruli,
but is due to intricate ensemble effects.
Effect of (S)-(+)-linalool and (R)-(−)-linalool on
pheromone responses

We compared the activity of DMNT to both linalool isomers, (S)-(+)-linalool and (R)-(−)-linalool, which were
found to suppress pheromone-induced electrophysiological
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Fig. 2 Effect of DMNT on Ca2+ responses in male AL to Z9,E11-14:OAc and Mix-5. Images were collectively scaled to strongest activation, and
symbols represent mean values of maximum odour responses of identified glomeruli (+SE). a Computed map of glomeruli highlighting the area of the
cumulus (left) and representative false colour-coded images of maximum Ca2+ responses to pheromone (1 and 10 μg) and DMNT (0.1–10 μg) (right).
b Computed map showing the areas of ordinary glomeruli from which responses were calculated (left) and representative false colour-coded images
of maximum Ca2+ responses to Mix-5 (concentrations 1 and 2) mixed with DMNT (0.1–10 μg) (right). c Ca2+ responses of the cumulus (n = 13) to 1 μg
(open triangles), 10 μg pheromone (solid squares) and DMNT alone (open circles). d Ca2+ responses over all glomeruli (n = 76) from 13 moths to Mix-5
concentration 1 (open triangles), 2 (solid squares) and DMNT alone (open circles). Different letters denote significantly different responses (lme, P < 0.05)
within treatments (groups of colour)
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linalool than DMNT, whereas suppression by DMNT is
stronger than by linalool. It is thus likely that DMNT is
a more specific suppressive compound than both linalool isomers, and that the suppressive mechanism is
highly sensitive to very low concentrations of DMNT.

Fig. 3 Responses of OSNs to the main pheromone component,
Z9,E11-14:OAc, and DMNT in male S. littoralis. Response to control air
was subtracted from stimulus responses. Bars represent the mean
values (+SE) of spike frequency during stimulation. Different letters
denote significantly different spike responses (lme, P < 0.05) within
same treatments (groups of colour). N-values are indicated on bars

responses and oviposition [11, 32, 35, 36]. To compare responses, we compensated for the emission from oil of both
linalool enantiomers compared to DMNT by reducing
their concentration in solution. (S)-(+)-linalool and (R)(−)-linalool suppressed pheromone-induced Ca2+ responses
in male S. littoralis ALs. Both enantiomers suppressed Ca2+
responses from the cumulus to 10 μg pheromone (Fig. 6a,b;
lme, (S)-(+)-linalool: χ2 = 50.532, df = 4, P < 0.001; (R)(−)-linalool: χ2 = 51.942, df = 4, P < 0.001), in a similar way
to DMNT (Fig. 2a,c). However, suppression at 1 μg pheromone was only observed with 0.3 μg of (R)-(−)-linalool
(lme, χ2 = 28.302, df = 4, P < 0.001) and not with (S)(−)-linalool (Fig. 6a,b; lme, χ2 = 19.611, df = 4, P <
0.001). Unlike DMNT, either isomer alone triggered a
Ca2+ response in the cumulus (Fig. 6a,b; lme, (S)(+)-linalool: χ2 = 12.297, df = 4, P < 0.01; (R)-(−)-linalool:
χ2 = 12.82, df = 4, P < 0.01). Since pheromone-sensitive
OSNs are finely tuned to pheromones only, it is possible
that this phenomenon was caused by excessive stimulus
fluxes.
In ordinary glomeruli, both linalool isomers triggered
strong Ca2+ responses (Fig. 6c). Significant responses
were observed from the lowest concentration up (lme,
(S)-(+)-linalool: χ2 = 19.5, df = 3, P < 0.001; (R)-(−)-linalool: χ2 = 26.503, df = 3, P < 0.001), whereas DMNT triggered a response only at the highest concentration
(Fig. 2d). Taken together, these results indicate that the
olfactory system of S. littoralis is more sensitive to

Discussion
Olfactory sensory systems constitute the neural interface
between organisms and their odour environment. They
selectively gate relevant ecological information and accordingly modulate behavioural responses [37]. Insects
possess a multidimensional array of olfactory sensory neurons that registers fluxes and ratios of volatile compounds.
The sensitivity of this array is thought to be finely tuned
to the detection of ecologically relevant odours through a
specific set of olfactory receptors they express [37]. This
input is subsequently processed in the AL, the primary olfactory centre in the insect brain [37]. ALs in male moths
are equipped with enlarged glomeruli called the macroglomerular complex (MGC), which receives exclusive input
from pheromone-specific OSNs [38]. The remaining isomorphic glomeruli (63 glomeruli in S. littoralis; [31]) encode general odours such as plant VOCs.
HIPVs signal unfavourable environments and should,
therefore, be detected and avoided. Although herbivores
indeed appear to avoid HIPVs (this study; [12]), the specific compounds within the complex HIPV blend and
the underlying neural mechanisms through which herbivore behaviour is suppressed were hitherto unknown.
We demonstrate that DMNT is a key signal in the HIPV
blend that induced suppression of host and mate orientation in S. littoralis to cotton and that this is mediated
through neuronal inhibition of olfactory responses. We
are currently investigating whether other cotton HIPVs,
not included in the current study, may further augment
behavioural inhibition towards induced cotton.
Cotton HIPVs redirect all basic odour-mediated behaviours in S. littoralis, that is, calling behaviour, oviposition,
and orientation to cotton and partners (calling behaviour
and pheromone attraction) (this study; [20, 39]). Using our
cotton five-component mimic, we then demonstrated that
DMNT, at ratios released by induced cotton, paralleled
suppression of the above odour-mediated behaviours. Cotton systemically releases relatively large amounts of
DMNT upon herbivore attack [20, 22, 27, 40], as do other
plants (such as apple, maize, lima bean and cucumber) (review by [6]). More interestingly, natural enemies use
DMNT to find their hosts [9, 41]. The evolutionary convergence of utilizing DMNT by both natural enemies and
herbivores underlines its significance as a reliable signal in
HIPV blends. HIPVs are diverse and consist of many compounds, some of which individually may not have a negative valence [42]. In contrast, DMNT appears highly
characteristic for herbivore damage, released at the site of
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Fig. 4 Effect of DMNT on Ca2+ responses in female ALs to the synthetic volatile mixtures. a Computed map showing the areas of ordinary
glomeruli from which responses were calculated (left) and representative false colour-coded images of Ca2+ responses to Mix-5 (concentrations 1
and 2) and DMNT (0.1–10 μg) (right). Images were collectively scaled to strongest activation. b Ca2+ responses over all glomeruli (n = 81) from 13
moths to Mix-5 concentration 1 (open triangles), 2 (solid squares), mixed with DMNT (0.1 to 10 μg), and DMNT alone (open circles). Symbols
represent the mean values of maximum Ca2+ response (+SE). c Ca2+ responses of individual ordinary glomeruli (n = 13) to Mix-5 concentration 1
(light grey), 2 (dark grey) mixed with DMNT, and DMNT alone (white). Squares represent the mean values of maximum relative Ca2+ response
(+SE). Different letters denote significantly different responses (lme, P < 0.05) within treatments (groups of colour)

damage and systemically through induction of undamaged
parts [25, 26], and even by neighbouring plants after volatile priming [16].
We addressed how the moth encodes DMNT. The
reigning paradigm is that ecologically relevant odours
are either coded through an activation pattern across
different sensory neuron types (combinatorial coding) or
through narrowly tuned single-odour-single-neuron systems (labeled-line coding) [37]. In Drosophila, highly
relevant negative stimuli are coded via activation of single receptor neuron types, and directly mediate repulsion [43]. However, DMNT detection in S. littoralis
appears not to be coded via a dedicated repulsioninducing sensory neuron type. Instead, our recordings
appear to support that DMNT acts through suppression
of the activity of receptor neurons tuned to attractive
compounds. This is to our knowledge the first demonstration that suppression of OSN activity is of fundamental
behavioural, ecological and evolutionary significance. Furthermore, it places decades-old records of suppression of
pheromone neuron activity by linalool and related compounds in an ecological framework, that is, tritrophic
interactions. These earlier studies were conducted from a
neurophysiological rather than an ecological perspective
[36, 44–46]. The strong behavioural and ecological effects
may in fact well be the evolutionary raison-d’-être of these
interactions in the first place. Although other insect
species may have evolved sensory channels dedicated to
DMNT detection, our results demonstrate that detection
of ecologically highly relevant odours does not require
these channels, but instead can be encoded via combinatorial suppression of odour-evoked responses. In
an ecological context, attenuating odour-evoked responses and attraction may prevent full HIPV-induced
shutdown of host plant and mate orientation. This could
be evolutionarily advantageous at high herbivore densities,
and prevent herbivores from reproducing at all in the
continuous presence of HIPVs.
Odour interactions can occur at various levels in the
olfactory circuitry [38, 47]. Suppression of pheromoneand plant odour-evoked responses by DMNT appears to
be a peripheral event, as evidenced by our single sensillum and Ca2+ imaging recordings. Suppression of OSN
input has been a frequently observed phenomenon in

arthropods [38, 48, 49] and mammals [50, 51]. In insects, suppression of pheromone antennal responses
has long been documented [52], and ever since several plant and microorganism odorants have been reported as suppressors of OSN responses, for example,
geraniol, linalool and β-ocimene. However, the majority of studies focussed on either behavioural responses
or physiological mechanism of olfactory suppression,
and few combined different approaches to finely elucidate the effect of olfactory coding on orientation
and ecology [53, 54].
Some possible mechanisms for response suppression
include competitive antagonism [32, 55, 56], allosteric
inhibition [32, 55], presynaptic inhibition [33, 34, 57, 58]
or ephaptic interactions [59]. The latter mechanism was
demonstrated in D. melanogaster, in which the response
of OSNs may inhibit the activity of sensilla co-located
independently of synapses [59]. In our experiment using
binary mixtures of plant odorants, (Z)-3-hexenyl acetate
was the only component whose activity was significantly
suppressed by DMNT. However, no sensillum type in S.
littoralis was found responding to both compounds [60].
It is thus unlikely that DMNT suppresses odorant perception through ephaptic interaction. Therefore, the
mechanism behind DMNT-mediated OSN suppression
is likely competitive antagonism, allosteric inhibition
[32] or presynaptic inhibition [33]. The mode of interaction between DMNT and pheromone or plant odours
is as of yet uncertain, but this interaction may also be
peripheral and mediated through similar processes. To
answer this question, a large deorphanization project on
S. littoralis receptors will shed further light on this in
the near future (W.B. Walker, personal communication).
It is important to note here that plant species differ in
the precise ratio of terpenoids released as part of the
HIPV blend [4]. We anticipate that other terpenoids can
substitute for the ecological role of DMNT, depending
on the plant species.
The use of odours in ‘jamming’ olfactory perception has
in recent years been explored in the context of combatting
pest insects. A search for an olfactory receptor coreceptor (ORCO) agonist and antagonist yielded several
potential candidates for use in olfactory interference [61].
Similarly, several agonist and antagonist receptors for
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Fig. 5 Ca2+ responses of female ordinary glomeruli to each single plant odorant (10 μg) mixed with DMNT (0.1–1.0 μg). a. β-myrcene, b. (R)-(+)-limonene, c. ocimene,
d. (Z)-(3)-hexenyl acetate, e. nonanal. DMNT significantly suppressed the Ca2+ response to (Z)-3-hexenyl acetate responding glomeruli except for glomerulus 3.
Responses to other odorants were not suppressed by DMNT. Bars represent the mean values of maximum relative Ca2+ response (+SE) of each
identified glomeruli. Different letters denote significantly different calcium responses within odorants and glomeruli (lme, P < 0.05, n = 13)
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Fig. 6 Effect of (S)-(+)-linalool and (R)-(−)-linalool on Ca2+ responses of male ALs to the pheromone component, (Z9,E11-14:OAc). Symbols
represent the mean values of maximum relative Ca2+ response of identified glomeruli (+SE). a Maximum Ca2+ responses of the cumulus (n = 8) to
pheromone (1 and 10 μg) mixed with (S)-(+)-linalool (0.03–3 μg). Response to increasing doses of (R)-(−)-linalool alone is shown with open circles.
b Maximum Ca2+ responses of the cumulus to pheromone (1 and 10 μg) mixed with (R)-(−)-linalool (0.03 to 3 μg). Response to increasing doses
of (S)-(+)-linalool alone is indicated by circles. c Ca2+ responses over all glomeruli (n = 93) from 8 moths to (S)-(+)-linalool (open circles) and
(R)-(−)-linalool (solid squares). Different letters denote significantly different calcium responses (lme, P < 0.05) within the same treatments
(groups of colour)

carbon dioxide, a host-signifying compound for bloodseeking insects [62], were successfully used in lowering
biting incidence of mosquitoes under semi-field conditions
[63, 64]. Here we demonstrate that jamming of olfactory
perception also occurs naturally, as a part of olfactory coding of complex natural blends. In fact, it may well be a key
component in the associational resistance in the push-pull
cropping system in Kenya [65]. Intercropping of maize
with Melinis minutiflora [66], intercrops that constitutively release DMNT, reduce maize borer Chilo partellus
infestations [65]. This may well be caused by DMNTinduced suppression of host plant attraction and sexual
communication in C. partellus. This parallel seems warranted, given the fact that olfactory coding in related
moths is highly similar [67]. DMNT is also critical in attraction of C. partellus parasitoids [9]. This suggests that
in the maize intercropping system DMNT fulfils both a
push and a pull function.

Conclusions
A single HIPV, DMNT, affects olfactory-triggered orientation of carnivorous and herbivorous insects of both sexes
and, therefore, has a central role in shaping tritrophic interactions. To disrupt olfactory coding, a specialized dedicated channel is not necessary to suppress signalling input
of ecologically relevant odorants. Further experiments
should investigate whether this DMNT suppressive mechanism is conserved in other herbivore species. In addition,
future studies should explore the potential application of
DMNT, and possibly other HIPVs that induce odourbased associational resistance, to improve push-pull methodology and support sustainable food production.

Methods
Plants

Cotton seedlings (Gossypium hirsutum L., cv. Delta
Pineland 90) were grown singly at 25 ± 5 °C and at 70 ±
5 % RH, under daylight and artificial light (400 W). Cotton plants used in behavioural experiments had eight to
ten fully developed true leaves.
To produce damaged plants, two to three second to
third instar larvae of S. littoralis were released on the
second true leaf of the plant 24 h prior to experiments.
Leaves and larvae were then enclosed inside fine mesh
(0.2 × 0.2 mm) bags.
Insects

S. littoralis eggs were obtained from cotton fields in ElShatby and the lab culture at Assiut University, Egypt. Larvae were fed on a standard noctuid artificial agar-based diet,
under a 16 L:8D photoperiod, at 24 °C. Males and females
were separated as pupae into plastic boxes (30 × 20 ×
10 cm) to obtain virgin insects and were kept in separate
rooms in order to avoid pre-exposing males to pheromone
before experiments. Virgin males and 24- to 27-h postmated female moths were used in all bioassays when they
were 2 to 3 days old. Adults had access to water ad libitum.
Cage bioassay

Individual damaged or undamaged cotton plants were
placed inside Plexiglas® cages (40 × 40 × 80 cm) and
maintained in a ventilated climate chamber at 25 ± 2 °C,
65 ± 5 % RH, with a photoperiod of 16 L:8D. These cages
were used to confine plant volatiles and to prevent interference between replicates.
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Groups of five moths were transferred to cages at the
start of the scotophase and observed during the following scotophase at 15-min intervals. Numbers of female
moths exposing their abdominal pheromone gland were
recorded at each observation. Moths and plants were replaced by new ones in all cages constituting a new replicate. Females of three different ages (24, 48, and 72 h
old) were observed (N = 30).

Wind tunnel bioassay

Adults were transferred individually to 2.5 × 12.5 cm
glass tubes closed with gauze. Moths were kept in the
wind tunnel room for at least 1 h before testing to
acclimatize them to the testing environment. Experiments were carried out between 1 and 4 h after the
onset of the scotophase.
Bioassays were performed in a Plexiglas wind tunnel
(180 × 90 × 60 cm) with illumination at 6 lux, with a
wind speed of 30 cm.s−1, at 24 ± 2 °C and 60 ± 10 % RH.
Incoming air was filtered with active charcoal and outgoing air was extracted at an equal rate passing through
a similar filtering system.
Glass tubes, with the gauze removed, were placed on a
platform at the downwind end of the tunnel, and moths
were observed for 5 min. Moths that showed oriented
upwind flight up to half of the wind tunnel towards the
odour source were counted as responding individuals.
Three different bioassays were conducted: (I) attraction
of males to pheromone gland extracts in the presence of
damaged and undamaged cotton plants, (II) attraction to
synthetic mixtures (plant components and pheromone)
and cotton headspace collection of virgin males and (III)
mated females.

Pheromones and plants

Pheromone gland extracts were prepared from 20 female
glands collected 3 h into the scotophase and immersed
in 20 μL redistilled hexane for 10 min. Three different
extracts were pooled. The combined gland extract was
diluted with hexane to a concentration of 2 ng.μL−1
based on the main component according to GC-MS
analyses, and one female equivalent dose was established
as 10 μL of the gland extract. All extracts and dilutions
were stored at −18 °C.
In the wind tunnel, one undamaged and one damaged
plant were placed 15 cm apart from each other. Fifteen
centimetres downwind from each plant, a piece of filter
paper (0.5 × 1.0 cm) loaded with 1 female gland equivalent dose was placed 30 cm above the wind tunnel floor.
New filter papers with fresh pheromone gland extracts
were introduced every 12 min, and the position of plants
was reversed every five replications.
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Synthetic mixtures and plant odours

Cotton odour was collected using a setup for headspace
collection [29]. Volatiles were entrapped in glass filters containing 50 mg Super Q adsorbent (80/100 mesh, Altech,
Deerfield, IL, USA) under 12 L:12D photoperiod, for 24 h,
at 22 °C from individual plants. Headspace was collected
during a total of 1,848 h from 40 plants. Filters were eluted
with 500 mL re-distilled n-hexane and condensed under a
stream of nitrogen. Samples were stored at −18 °C.
Eleven antennal active volatile components from damaged and undamaged cotton plants were previously identified [20, 29, 30] and mimicked attraction to the natural
cotton headspace in the wind tunnel [30]. We selected five
of these components to prepare an attractive synthetic
mixture (Mix-5; amounts in Additional file 2): β-myrcene
(95 %, Fluka), nonanal (95 %, Sigma-Aldrich), (R)-(+)-limonene (97 %, Sigma-Aldrich), (E)-β-ocimene (racemic,
90 %, Fluka), and (Z)-3-hexenyl acetate (98 %, SigmaAldrich). All components were diluted in ethanol and
tested for attraction of either virgin males or mated females. (Z)-9-(E)-11-tetradecenyl acetate (Z9,E11-14:OAc,
10 pg.μL−1) and different concentrations of DMNT
(0.001–1 ng.μL−1) were also diluted in ethanol and tested
for attraction of virgin males only. DMNT (95 %) and
Z9,E11-14:OAc (95 %) were gifts from Prof. Wittko
Francke.
Cotton headspace collections and synthetic odour
blends were delivered from the centre of the upwind end
of the wind tunnel using a piezo-electric spraying device
[68]. Cotton headspace collections were tested at
1,800 ng.h−1 of DMNT, the main compound in the collection (for chemical analysis of the headspace) (see [30]).
GC-MS analyses

Volatile collections were analysed on a gas
chromatograph-mass spectrometer (GC-MS; 6890 GC
and 5975 MS, Agilent Technologies, Palo Alto, CA,
USA). The GC was equipped with a fused silica capillary
column (30 m × 0.25 mm, df = 0.25 μm) and DB-Wax
(J&W Scientific, Folsom, CA, USA), and helium was used
as the carrier gas at an average linear flow of 35 cm.s−1.
The temperature was programmed from 30 °C (3 min
hold) at 8 °C.min−1 to 225 °C (5 min hold). Identification
of enantiomers of limonene was done on a fused silica capillary column (30 m × 0.25 mm) coated with HP-chiral
20B (df = 0.25 μm; Agilent), and the GC temperature was
programmed from 30 °C (3 min hold) at 8 °C.min−1 to
225 °C (10 min hold). Compounds were identified by injection of authentic synthetic standards, retention times,
Kovats indices, and library mass spectra (NIST, Agilent).
Odour stimulation for SSR and Ca2+ imaging

In order to simulate the most attractive cotton blend
(Mix-5) as vapour phase in a stimulus pipette, all
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compounds were carefully mixed to reproduce the ratio
of odorants used in our wind tunnel assay. Differences
in volatility of test compounds due to vapour pressure
and van der Waals forces in paraffin oil were empirically
corrected. β-myrcene, ocimene, (R)-(+)-limonene, (Z)-3hexenyl acetate and nonanal were mixed together in paraffin oil at concentrations of 350, 280, 60, 120 and
330 ng.μL−1, respectively, and here onward called Mix-5
concentration 2. Its emission rate was assessed by applying 10 μL of the mixture on a piece of filter paper inside
an Eppendorf tube closed with a 1-mL pipette tip. After
30 min resting at room temperature, 200 μL of the headspace was sampled using a gas-tight syringe (1.0 mL,
Hamilton) and injected in the GC-MS for quantification.
A 10x diluted solution of the synthetic cotton blend was
prepared and here onward called Mix-5 concentration 1.
DMNT was also diluted in paraffin oil in a separate vial
at 0.01, 0.1 and 1 μg.μL−1.
GC-MS analyses of the headspace of Mix-5 (concentration 1) showed that this mixture provided a ratio of 1
(β-myrcene; 22 ± 2 μg.μL−1): 0.44 (ocimene; 10 ± 1 μg.μL−1):
0.15 ((R)-(+)-limonene; 3 ± 0.3 μg.μL−1): 0.74 ((Z)-3-hexenyl
acetate; 16 ± 1 μg.μL−1): 0.96 (nonanal; 21 ± 2 μg.μL−1),
which is similar to Mix-5 used in our wind tunnel assays
(1:0.54:0.27:0.78:0.78, respectively; see Additional file 2).
Addition of 10 μg DMNT to a second filter paper in the
same stimulus pipette did not affect release rates of any
stimuli in Mix-5 (see Additional file 2; d.dev = 0.645, df = 5,
P = 0.596) and yielded a headspace concentration of
DMNT of 81 ± 5 μg.μL−1 (see Additional file 2). Thus, these
mixtures in paraffin oil were used in our following Ca2+ imaging and electrophysiology recordings.
The main pheromone component, Z9,E11-14:OAc, was
mixed in hexane (Sigma-Aldrich) at concentrations of 1
and 10 μg.μL−1. However, measurements of the main
pheromone component were not possible due to the low
volatility of this type of compound [69].
We compared the activity of DMNT to that of suppressive compounds (R)-(−)-linalool (95 %, Firmenich)
and (S)-(+)-linalool (95 %, Firmenich). Both enantiomers
were diluted in paraffin oil at concentrations of 0.003,
0.03 and 0.3 μg.μL−1, as their volatility was approximately 3x higher than that of DMNT.
To prepare odour stimuli, two pieces of filter paper
(10 × 15 mm) were placed inside glass Pasteur pipettes.
One piece was loaded with 10 μL of either plant blends,
whereas the next piece was loaded with 10 μL of either
paraffin oil (control) or one of the DMNT dilutions.
Pheromone stimuli were applied on a paper, and hexane
was allowed to evaporate for 30 min in a fume hood. Pipettes were flushed with an air stream to remove all hexane prior to loading paraffin oil or DMNT solutions
onto the second paper. All stimulus pipettes were then
closed with a 1-mL pipette tip and left for 30 min prior
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to recordings. Either linalool enantiomer was prepared
with Z9,E11-14:OAc in the same manner as described
above for DMNT. Female moths were stimulated with
plant odorants only. Each male was tested with either
plant odorants or pheromone.
Single sensillum recordings

A male moth was restrained in a plastic pipette tip with
only the head protruding from the aperture, and a tungsten wire serving as a reference electrode was inserted
into the abdomen. Single sensillum recordings (SSRs)
were performed under a light microscope (Nikon FNS2N) with 750x magnification, using tungsten electrodes
(Clark Instruments Ltd). The recording electrode was attached to an AC/DC 10× gain probe (INR-02; Syntech),
and its tip was inserted at the base of a pheromone-sensitive long trichoid sensillum using a micromanipulator
(Märzhauser PM-10) until extracellular electrical contact
with olfactory sensory neurons (OSNs) was established.
The signal was amplified, digitized (IDAC-4 USB; Syntech)
and visualized with AutoSpike 3.7 software (Syntech). A
stream of charcoal filtered humidified air was continuously
flushed over the antenna (1 L.min−1), through a glass tube
(1.0 mm i.d.), which terminated 2.0 cm from the antenna.
During stimulation, a 0.5-s air pulse (1.0 L min−1) controlled by a stimulus controller (CS-55; Syntech) was
passed through the stimulus pipette, which was inserted
into a hole in the glass tube. Compounds were tested with
an inter-stimulus interval of at least 1 min. The response
of OSNs was expressed as the number of spikes during
the stimulation period after stimulus onset minus the
number of spikes before stimulus onset.
Calcium imaging

Moths were immobilized in pipette tips (1 mL) and dental wax for dissection. Cuticle, muscle fibres and trachea
surrounding the brain were removed to fully access the
ALs. The calcium-sensitive dye (CaGR-1-AM, Molecular
Probes, Eugene, OR) was dissolved in 20 % Pluronic F127 in dimethyl sulfoxide (Molecular Probes) and diluted in moth saline. The brain was covered with 50 μL
of the dye solution and preparations were placed inside
a box with a wet tissue for 1.5 h.
One AL was positioned under the microscope using a
micromanipulator. Recordings were done using a TILL
Photonics air-cooled imaging system (Gräfelfing,
Germany) with a 12-bit slow-scan CCD camera. Sequences of 45 frames and a sampling rate of 5 Hz (150-ms
exposure time at 470-nm excitation wavelength; Polychrome II) were recorded through an upright microscope
(BX50WI, Olympus, Hamburg, Germany) with a 20x (NA
0.50; Olympus) water immersion objective. Fluorescence
was detected with a dichroic filter (DCLP500 and LP515
emission filter).
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An odour delivery glass tube (2.0 cm i.d.) was positioned approximately 1.0 cm distant from the antennae.
A constant flow of clean humidified air was supplied
through the tube at a rate of 1.0 L.min−1. Stimuli pipettes inserted inside the tube delivered odorants at a
flow of 0.75 L.min−1 for 1 s using a stimulus controller
(Syntech). A second empty pipette was placed next to
the stimuli pipette and provided a continuous air flow
(0.75 L.min−1) that was switched off during stimulation,
keeping the total flow constant. Images were captured
using 4 × 4 binning (160 × 120 pixels).
Image processing

All image recordings were analysed with the neuroimage
plugin [70] for the data analysis platform KNIME (KoNstanz Information MinEr). A signal processing approach,
the convex cone algorithm [70], was employed to perform
functional segmentation of the image plane into individual
glomeruli and background in each animal. Glomeruli
identification relied on functional and morphological data.
Activation patterns of glomeruli to reference stimuli, that
is, 10 μg α-humulene, DMNT, β-myrcene, ocimene, (R)(+)-limonene, (Z)-3-hexenyl acetate and nonanal, constituted the main method used for recognition. Glomeruli
were numbered according to a morphological atlas of S.
littoralis male [31] and female ALs [29].
Kinetic data were exported to the statistical computing software R (version 3.0.3; [71]). Background fluorescence (average of frames 9–12) was subtracted and
divided from all frames to yield the relative change in
fluorescence (ΔF/F). Bleaching was corrected by fitting
appropriate negative exponential curves to each response curve [72]. Responses were normalized according to the response of an α-humulene-responding
glomerulus to 10 μg of this compound (96 %, SigmaAldrich), a standard stimulus presented every four
stimuli. Maximum response intensity was automatically
calculated based on difference between the average value
of frames 9–12 (before stimulus onset) and average of
maximum intensity, one value before and two after.
Statistical analysis

All statistical analyses were performed in R. Behavioural
responses of male and female moths and concentrations
of odorants in the vapour phase of synthetic plant odorants mixtures were analysed with binomial and gamma
generalized linear models (glm), respectively. Spike frequencies of sensilla were analysed by Poisson glm. Maximum Ca2+ responses of glomeruli were analysed with
linear mixed-effects models (lme) with individual insects
as random effects using the lme4 package. Responses of
single glomeruli to each concentration of either plant
odorants or pheromone in combination with increasing
doses of DMNT were analysed separately. P values of
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comparisons between treatment levels were calculated
based on a z-distribution [73]. Significance of each variable in the model and difference in deviance (d.dev.)
were assessed by comparing models with and without
respective variables or interactions using a χ2 test.

Additional files
Additional file 1: Test statistics of responses of individual glomeruli
to (a) volatile cotton mimic and (b) single components. Statistical
tests: linear mixed-effect model. Myr: β-myrcene; Oci: (E)-β-ocimene; Lim:
(R)-(+)-limonene; HexAc: (Z)-3-hexenyl acetate; Non: nonanal. (XLSX 11 kb)
Additional file 2: Quantification of volatile compounds used in
wind tunnel assays and in the headspace of stimulus pipettes.
Values are mean ± SE. No significant difference was found between Mix-5
and Mix-5:DMNT, and DMNT alone and DMNT within Mix-5:DMNT (d.dev =
0.645, df = 5, P = 0.596, n = 15). Myr: β-myrcene; Oci: (E)-β-ocimene; Lim: (R)(+)-limonene; HexAc: (Z)-3-hexenyl acetate; Non: nonanal. (XLSX 54 kb)
Abbreviations
AL: antennal lobe; d.dev.: difference in deviance; DMNT: (E)-4,8-dimethyl-1,3,7nonatriene; GC-MS: gas chromatograph-mass spectrometer; HIPV: herbivoreinduced plant volatile; OSN: olfactory sensory neuron; SSR: single sensillum
recording; VOC: volatile organic compound; Z9E11–14OAc: (Z)-9-(E)-11tetradecenyl acetate.
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Blends of host plant volatiles and sex pheromones encode specific mate
recognition in moths
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Abstract
Specific mate recognition is instrumental in maintaining the genetic integrity of species. Many insects use sex pheromones for long-range, premating communication. In nature, especially phytophagous species, release pheromones into an atmosphere filled with plant volatiles. Using synthetic
chemicals, we show that males of the cotton leafworm, Spodoptera littoralis, perceive and encode
sex pheromone and host plant volatiles as a unit, rather than as separate messages. Deviations from
either the optimal pheromone, or plant volatile blend composition deteriorates male response. Heterospecific, or incomplete pheromone, as well as herbivore-induced cotton volatiles both reduce
male attraction. We conclude that male response to the blend of pheromone and plant volatiles is
under strong stabilizing selection. Our results confirm the idea that specific mate recognition
evolves during host plant adaptation and that shifts in either female host plant preference or pheromone biosynthesis will give rise to new communication channels.
Keywords: Spodoptera, premating sexual communication, specific mate recognition, host plant volatiles, olfaction, sexual selection, natural selection

Introduction
In nature, females of phytophagous insects release sex
pheromone into the air around them, which is filled
with plant volatiles. Conspecific males, accordingly,
perceive sex pheromones and host volatiles as a blend.
The neural circuits encoding this interaction and the
behavioral consequences are a current research theme
(Grosjean et al., 2011; Kohl et al., 2013; Trona et al.,
2013; Lebreton et al., 2015).
While blends of social and environmental cues enhance mate finding in some insects (Dickens et al.,
1990; Light et al., 1993; Yang et al., 2004; Trona et al.,
2013), antagonistic effects have been reported from
other species (Anton and Hansson, 1994, 1995; Reddy
and Guerrero, 2004; Party et al., 2013). These seemingly contradictory results can, in part, be explained by
our lack of knowledge of the behavioral and ecological
roles of plant volatiles.
Volatiles differ with respect to their effect on insect
behavior. Different volatile blends carry different information, and not all volatiles are expected to integrate with pheromones to mediate mate-finding behavior. In moths floral volatiles, for example, attract insect
herbivores for feeding, but are not expected to enhance
attraction to mates in a starved male, or to oviposition
sites in a mated female. It is rather green leaf volatiles
that signal rendezvous and oviposition sites. Males of
the cotton leafworm, Spodoptera littoralis (Lepidoptera, Noctuidae), become attracted to green leaf vola-

tiles only before mating, while they are attracted to
floral volatiles before and after mating (Kromann et al.,
2015). Cotton leafworm females are attracted to floral
odorants only before mating, and to green leaf volatiles
after mating, for egg-laying (Saveer et al., 2012). Insect response to semiochemicals is not a constant, but
is subject to change according to internal or mating
state. Host plant preference is further modulated by
adult mating and larval feeding experience (Thöming
et al., 2013; Proffit et al., 2015). Last but not least,
plant headspace varies in composition, according to
phenological development and the physiological condition of the plant. Induced volatiles released from damaged cotton leaves have a deterrent effect on attraction
to host plants, oviposition and mating behavior (Zakir
et al., 2012; Thöming et al., 2013; Hatano et al., 2015),
which has been corroborated in a range of other species (Reddy et al., 2002; Signoretti et al., 2012; Allmann et al., 2013).
The olfactory response to host plants and its modulation is a subject of on-going research in S. littoralis.
We recently identified behaviorally active compounds
from the headspace of cotton leaf volatiles and formulated a synthetic blend that attracts both males and
females (Borrero-Echeverry et al., 2015). Since adult
males do not feed on cotton plants it is conceivable that
these cotton volatiles encode mating sites.
Interactions between sex pheromones and plant olfactory signals are of particular interest, since the male
insect response to these different cues is expected to be
under sexual and natural selection, respectively. Inter-
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actions between natural and sexual selection may facilitate speciation in herbivorous insects (Smadja and
Butlin, 2009; Maan and Seehausen, 2011; Servedio et
al., 2011; Mendelson and Shaw, 2012; Rebar and
Rodríguez, 2015). The effect of plant volatiles on male
response to sex pheromones has not yet been investigated in the cotton leafworm.
Our results show that optimal male attraction is
achieved with a mixture of complete, conspecific sex
pheromone and complete cotton volatile signature,
from undamaged plants. Male attraction was, in contrast, strongly reduced when heterospecific pheromone
of the sibling species S. litura or incomplete pheromone were blended with the optimum cotton volatile
signature. Likewise, herbivore-damaged cotton volatiles reduced attraction to conspecific female sex pheromone.
We demonstrate that specific mate recognition in the
cotton leafworm builds on a blend of plant volatiles
and sex pheromone, which is perceived as an ensemble. The male response to the pheromone-plant volatile
signal is under stabilizing selection, and deviations
from the optimum pheromone or plant blend deteriorate attraction. This finding contributes to our understanding of specific mate recognition and its role during phylogenetic divergence. Saltational shifts in either
female host plant preference or pheromone biosynthesis will lead to new communication channels and facilitate speciation, since male selection for optimal
mate recognition gives rise to reproductive isolation.

Materials and methods
Insects
Our Spodoptera littoralis colony was obtained from
the Dept. of Entomology, Alexandria University,
Egypt. Insects were gathered in 2008 and the culture
was renewed with fresh insects from Egypt at least
once a year since. Insects were raised on a semisynthetic agar-based diet (modified from Hinks and Byers,
1976) under a 16L:8D photoperiod, at 24oC and 50 –
60% relative humidity (RH). Males and females were
separated as pupae into 30 x 30 x 30 cm Plexiglas cages. Three-day-old unmated moths were used in all bioassays.
Spodoptera litura females were provided as pupae by
Dr. Kiyoshi Nakamuta and Saki Matsumoto of Chiba
University. S. litura was chosen for experiments since
it has a similar pheromone composition and there is
cross-attraction between the two species (Saveer et al.,
2014).
Plant material
Cotton seedlings (Gossypium hirsutum L., cv. Delprim
DPL 491) were grown individually at 25oC and 70%
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RH, under daylight and an artificial light source (400
W). Cotton plants in wind tunnel assays had 8–12 fully
developed true leaves. To obtain damaged plants, four
5th instar larvae, starved for 24 h, were allowed to feed
on the plant for four hours before larvae were removed
and plants were used in wind tunnel experiments.
Chemical compounds
Cotton volatile compounds were chosen based on Borrero-Echeverry et al. (2015) since they were found in
headspace and are antenally active. The following
compounds were used in experiments: β-myrcene
(97% chemical purity; CAS # 123-35-3; Fluka), (R)(+)-limonene (95% chemical purity; CAS # 5989-27-5;
Aldrich), (E)-β-ocimene (91% chemical purity; CAS #
13877-91-3; Fluka), 4,8-dimethyl-1,3(E),7-nonatriene
(DMNT)(95% chemical purity; CAS # 019945-61-0;
provided by Wittko Francke), (Z)-3 hexenyl acetate
(99% chemical purity; CAS # 3681-71-8; Aldrich),
(R)-(-)-linalool (95% chemical purity; CAS # 126-909; Firmenich), (S)-(+)-linalool (95% chemical purity;
CAS # 126-90-9; Firmenich) and nonanal (90% chemical purity; CAS # 124-19-6; Fluka). Additionally, αfarnesene (>90% chemical purity; CAS # 502-61-4;
Bedoukian) and β-farnesene (>90% chemical purity;
CAS # 18794-84-8; Bedoukian) were included since
they are reported in maize headspace, a less preferred
host plant (Bengtsson et al., 2006; Thöming et al.,
2013).
The S. littoralis pheromone components, (Z,E)-9,11tetradecadienyl acetate (Z9,E11-14:Ac) (the main
pheromone component), (Z)-9-tetradecenyl acetate
(Z9-14:Ac),
(Z,E)-9,12-tetradecadienyl
acetate
(Z9,E12-14:Ac), were provided by Pherobank and
(E,E)-10,12-tetradecadienyl acetate (E10,E12-14:Ac)
was a gift from David Hall (Greenwich). These four
components were chosen since they were consistently
found across samples (Saveer et al., 2014) and previous reports (El-Sayed, 2014). Redistilled ethanol (Labscan) was used as a solvent for all compounds and
blends.
Wind tunnel bioassay
Wind tunnel experiments of were performed in a Plexiglas wind tunnel (180 x 90 x 60 cm) following Borrero-Echeverry et al. (2015). Briefly, males were kept in
separate rooms from females in order to avoid preexposure to pheromone before experiments. One hour
before experiments moths were transferred to individual 2.5 x 12.5 cm glass tubes closed with gauze, which
were kept in the wind tunnel room before testing, to
allow them to acclimatize to the environment. Experiments were carried out between one and four hours
after the onset of scotophase with diffuse illumination
from above and the side (6 lux), wind speed of 30
cm/s, temperature of 24 ± 2oC and 60 ± 10% RH. In-

coming and outgoing air was filtered through active
charcoal.
Moths were placed individually in glass tubes on a
platform at the downwind end of the tunnel and observed for 3 min. 50 individual insects were used for
every treatment. The following steps of the behavioral
sequence were recorded: activation (walking in the
tube and wing-fanning), take off, upwind flight (over
90 cm from take off), source approach (30 cm from
source), and landing at the source.
Synthetic odor blends were delivered from the center
of the upwind end of the wind tunnel via a piezoelectric spraying mechanism (El-Sayed et al., 1999;
Becher et al., 2010). Samples were loaded into a 1-ml
glass syringe operated by a microinjection pump
(CMA Microdialysis AB, Solna, Sweden) that delivered test solutions at a constant rate of 10 µl/min
through Teflon tubing into a glass capillary with a narrow, elongated tip. The capillary was attached to a
piezo-ceramic disk, which vibrated at approximately
100 kHz, producing an aerosol that was carried downwind. A glass cylinder (95 mm diameter x 100 mm
height), covered by a fine metallic mesh (pore size 2
mm) was placed in front of the capillary to avoid it
being damaged by insect contact.
Plants were placed at the upwind end of the wind
tunnel. Moths could both see and make contact with
plants in the wind tunnel. In experiments where calling
females were used, three calling females were placed
downwind from plants in individual tubes (see above)
covered at both end with a mesh. Females that stopped
calling were replaced.
Attraction to the main component of the pheromone,
Z9,E11-14:Ac and a pheromone blend of Z9,E1114:Ac, Z9-14:Ac, E10,E12-14:Ac and Z9,E12-14:Ac
(at a proportion of 100:30:20:4, respectively) was determined at a delivery rate of 100 pg/min (10 pg/µl),
mimicking release rates of females. The plant compounds described above were sprayed individually at a
rate of 10 ng/min (1 ng/µl), and blended with the main

and four-component pheromone (1 ng/µl plant volatile
+ 10 pg/µl pheromone).
Male attraction to an attractive four-component plant
volatile blend (described in Borrero-Echeverry et al.,
2015), to an antagonistic five-component plant volatile
blend (the above mentioned four-component blend +
DMNT), an undamaged cotton plant (8-10 true leaves),
a damaged cotton plant, and to the blends between
these, and the main component, and four-component
pheromones (described above) was also determined.
Lastly, male were flown towards, calling S. littoralis
and S. litura females alone, and in the presence of
damaged and undamaged cotton plants.
Statistical analysis
Generalized linear models (GLM) with a Bernoulli
binomial distribution were used to analyze behavioral
data. Upwind flight was used as the target effect. Posthoc Wald pairwise comparison tests were used to identify differences between treatments. All statistical
analysis was carried out using R (R Core Team, 2013).

Results
Only one host plant volatile, α-farnesene, elicited significant attraction by itself (z = 2.066l p = 0.039), (Fig.
1A).
All plant volatiles tested significantly reduced attraction to the main pheromone component when blended
(Fig. 1B). In contrast, attraction to the four-component
pheromone (64%) was only reduced by three compounds, DMNT (z = 4.602; p < 0.001), (E)-β-ocimene
(z = 2.378; p = 0.017) and (Z)-3 hexenyl acetate (z =
1.799; p = 0.072). The remaining compounds didn’t
significantly change attraction towards the fourcomponent pheromone. A blend of α-farnesene and the
four-component pheromone attracted more males, but
the difference was not significant (Fig. 1C).
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Figure 1. Male S. littoralis upwind flight towards A) single host plant volatiles, B) the S. littoralis main pheromone compound and its
blends with single host plant volatiles, and C) the S. littoralis four-component pheromone and its blends with single host plant volatiles.
Bars with asterisks are significantly different from attraction to pheromone alone determined through binomial GLM and post-hoc Wald
pairwise comparisons (n = 50).

was not reduced in response to a cotton plant and the
four-component pheromone (Fig. 2).
We next replaced synthetic pheromones with naturally produced pheromone released by calling females. S. littoralis females were used instead of the
four-component synthetic pheromone. We used female S. litura to replace the main component pheromone since it shares components with the S. littoralis
pheromone (the main component among them), and
is attractive to, but can still be distinguished by S.
littoralis males (Saveer et al., 2014). Similar to the
above results, conspecific S. littoralis females and a
live cotton plant elicited the most attraction. On the
contrary, S. litura females in the presence of a cotton
plant elicit significantly less male flights than calling
S. litura females alone (z = 1.992; p = 0.046) (Fig. 2).

Blending the main pheromone component and fourcomponent pheromone with a synthetic cotton blend
gave similar results. Adding a synthetic cotton blend
to the main pheromone component significantly reduced attraction (z = 3.733; p < 0.001) compared to
the main pheromone component alone. In comparison, blending the four-component pheromone with
the synthetic cotton blend showed a tendency to enhance attraction (Fig. 2).
We then replaced the synthetic cotton blend with an
undamaged cotton plant. We observed the same significant reduction in attraction when releasing the
main pheromone component in the presence of the
plant (z = 2.208; p = 0.027). As expected, attraction

S. littoralis Pheromone

Cotton

Wrong Pheromone

*
*
*

100%

60

20

0

0

20

60

100%

Figure 2. Male S. littoralis upwind flight attraction towards blends of the S. littoralis pheromone and cotton volatiles and suboptimal pheromone and cotton volatile blends. Optimized four-component S. littoralis pheromone blend (red vials), main pheromone component (blue
vials), synthetic cotton volatile blend (green vials), calling S. littoralis (red) and S. litura females (blue). Bars with asterisks are significantly different from attraction to the pheromone control determined through binomial GLM and post-hoc Wald pairwise comparisons (n
= 50).
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Lastly, to study the effect of HIPVs on male attraction we used a herbivore damaged cotton blend (Borrero-Echeverry et al., 2015; Hatano et al., 2015) and
cotton plants damaged by herbivory from S. littoralis
larvae. The synthetic blend mimicking damaged cotton significantly reduced attraction to main component, and four-component synthetic pheromones (z =
2.208; p = 0.027 and z = 2.953; p = 0.003z = 3.899,
respectively). Similarly, damaged cotton plants also
significantly reduced attraction towards calling S.
littoralis females (z = 3.992; p < 0.001, respectively)
(Fig. 3).

Damaged Cotton S. littoralis Pheromone

*
*
*

0

20

60

100%

Figure 3. Male S. littoralis upwind flight attraction towards
blends of the S. littoralis pheromone and damaged cotton volatiles. Four-component pheromone blend (bright red vials),
herbivore-damaged cotton volatile blend (dark red vials), calling S. littoralis females. Red cotton leaves show cotton plants
damaged by conspecific larvae. Bars with asterisks are significantly different from attraction to the pheromone control determined through binomial GLM and post-hoc Wald pairwise
comparisons.

Discussion
Male moths perceive sex pheromones together with
plant volatiles in nature. Since pheromones elicit
robust male attraction they have always been considered to be sufficient in mediating mate finding (Kehat et al., 1976; Sun et al., 2003; Batista-Pereira et
al., 2006).
The role of plant volatiles in male moth sexual behavior is still under discussion. It has been proposed
that host plant volatiles help to attract males to mating sites either by being more prevalent signals in the
environment, or by synergizing with pheromones
(Yang et al., 2004; Beyaert and Hilker, 2014). While
there is evidence that host plant volatiles may synergize to increase attraction towards pheromone
sources (Dickens et al., 1993; Light et al., 1993;

Yang et al., 2004; Varela et al., 2011; von Arx et al.,
2012) there are just as many studies showing that
both host and non-host volatiles having an antagonistic effect on pheromone attraction (Pregitzer et al.,
2012; Jung et al., 2013; Party et al., 2013; Rouyar et
al., 2015). While it is conceivable that non-host volatiles and herbivory induced volatiles are antagonists,
it remains counter-intuitive that host volatiles would
also be as well.
Our results suggest that the combination of host
plant volatiles and pheromones is a single unit used
by males as the mate finding olfactory cue. Since
pheromones are not naturally found without a background of plant volatiles, rather than plant volatiles
synergizing or antagonizing with pheromones, selection has shaped optimal attraction towards this unit,
instead of natural selection acting upon attraction
towards HPVs and sexual selection acting on pheromones. Deviations from an optimal blend either by
changes in the pheromone composition, or in HPVs
would decrease attraction to varying degrees. This
model of male mate finding explains why adding the
wrong plant volatiles to the correct pheromone reduces male attraction in the same way as adding an
incorrect pheromone to a proper host odor.
Integration of olfactory information in the antennal
lobe reinforces this idea. Even though information
from olfactory receptor neurons tuned to pheromones
innervate specific glomeruli known as the macroglomerular complex (MGC), and HPVs innervate
ordinary glomeruli, local interneurons arborize between these and modulate the response of projection
neurons which relay the information to higher brain
centers (Anton and Hansson, 1995; Namiki et al.,
2008; Trona et al., 2013; Hatano et al., 2015). In
Drosophila melanogaster projection neurons from
ordinary glomeruli and the MGC arborize into separate regions on the lateral horn, however, there is a
large region of overlap (Kohl et al., 2013; Clowney et
al., 2015). Since the lateral horn is thought to be responsible for innate behavior, integration of plant
volatiles and pheromones in this brain center allow
for both individual responses to HPVs and pheromones under clean air conditions, as well as a their
combination.
Sexual selection in moths directly translates to
changes in pheromone composition and the corresponding shift in male preference. Changes in pheromone composition in sibling species has been well
documented (Lofstedt and van der Pers, 1985;
Bengtsson et al., 2014; Inagaki et al., 2014; Saveer et
al., 2014) as well as in species undergoing divergence (Cardé et al., 1978; Malausa et al., 2005; Groot
et al., 2008; Velasquez-Velez et al., 2011). Following
the “asymmetric tracking hypothesis, if females
change their pheromone composition and males have
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the olfactory receptors necessary to perceive it, a
subpopulation of males would very quickly develop a
preference for the new pheromone (Phelan, 1992;
Heckel, 2010; Droney et al., 2012). Such changes are
believed to be very strong drivers of moth sympatric
speciation through pre-mating isolation (Smadja and
Butlin, 2009; M’Gonigle et al., 2012).
Alternately, host plant preference shifts by females
may also lead to speciation with little or no changes
in pheromone composition (Lofstedt and van der
Pers, 1985; Witzgall et al., 1991; Drès and Mallet,
2002; Leppik and Frérot, 2012). Host plant shifts in
females are driven by natural selection. Matsubayashi
el at (2010) suggest that changes in host plant preference may lead to premating isolation based solely on
a reduced probability of sub-populations on different
hosts encountering each other.
However, if host plant volatiles and pheromones
function as a single signal, sexual selection would be
indistinguishable from natural selection in male
moths. If mate finding in male moths evolves under
natural selection, via host plant selection, and sexual
selection, through attraction to female produced
pheromones, simultaneously, there would be a strong
stabilizing effect on both host races developing on
new hosts, and pheromone races developing on the
same host plant. Such stabilizing selection based on
both pheromones and host plant cues should favor
the evolution of specialist herbivores. It would also
favor the rapid development of premating barriers
when a population undergoes disruptive selection,
leading quickly to divergence (Ritchie, 2007; Butlin
et al., 2012). Interactions between natural and sexual
selection are considered to drive speciation in herbivorous insects (Smadja and Butlin, 2009; Servedio
et al., 2011; Rebar and Rodríguez, 2015).
The specific-mate recognition system (SMRS) hypothesis (Paterson, 1978; Paterson, 1980) states that
co-adapted signals used in locating and recognizing
conspecific mates are effective premating barriers
that may be modified by natural selection. Due to
strong stabilizing pressure, SMRS may lead to divergence between populations and to speciation events.
Our results support this idea. The combined effect of
natural, and sexual selection on mate recognition
signals would cause strong stabilizing selection, and
opposed to Paterson, who suggests that changes in
SMRS would occur in small steps, our results suggest that they could occur much faster (Paterson,
1980) through saltational shifts. Changes in host or
pheromone preference could result from changes in
olfactory receptors or neural processing of odors
(Karpati et al., 2008; Leary et al., 2012; Hill et al.,
2015). Additionally, host plant choice could be modified by larval experience or adult learning (Proffit et
al., 2015). Either one of these situations would lead
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to a change in SMRS and should be a stronger force
in population divergence than previously thought.
Although SMRS should break down when divergent
populations come back into contact if there is enough
variation in the signals and the response tuning, combining natural and sexual selection into one stabilizing force should reduce this effect by reducing signal
overlap. Reinforcement should then lead to the development of prezygotic and postzygotic barriers
(Servedio, 2001). Our results, along with previous
work suggest that this may be the case in the diversification of the Spodoptera genus. Combined with the
results of Saveer at al. (Saveer et al., 2014), we show
that SMRS may develop between closely related
species, and that even if SMRS fail when species
come back into contact and mating occurs, reinforcement leads to reductions in both the amount of
eggs laid and the amount of eggs hatching.
Our results provide a new perspective of premating
communication in moths. Mate finding is elicited by
an ensemble of sexual and environmental chemical
signals rather than the individual components. Deterioration of either the pheromone, or host volatile
component of the signal leads to reduced male attraction and premating isolation, even if the other remains unchanged. Not only is this important in our
understanding of moth speciation and ecology but it
also has strong implications in the development of
pheromone-based control strategies.
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In Drosophila melanogaster, gender-specific behavioural responses to the male-produced sex
pheromone cis-vaccenyl acetate (cVA) rely on sexually dimorphic, third-order neural circuits.
We show that nutritional state in female flies modulates cVA perception in first-order olfactory
neurons. Starvation increases, and feeding reduces attraction to food odour, in both sexes. Adding
cVA to food odour, however, maintains attraction in fed females, while it has no effect in males.
Upregulation of sensitivity and behavioural responsiveness to cVA in fed females is paralleled by a
strong increase in receptivity to male courtship. Functional imaging of the antennal lobe (AL), the
olfactory centre in the insect brain, shows that olfactory input to DA1 and VM2 glomeruli is also
modulated by starvation. Knocking down insulin receptors in neurons converging onto the DA1
glomerulus suggests that insulin-signalling partly controls pheromone perception in the AL, and
adjusts cVA attraction according to nutritional state and sexual receptivity in Drosophila females.

“The preservation of animals is dependent on their ability to find food and to propagate, and for these
practical purposes it is the very sense of smell that counts” (Titus Lucretius Carus, De Rerum Natura).
Food intake is an essential component of sexual reproduction in animals, who accordingly need
to harmonize the search for food and mates, and the sensory cues that encode them. Insects use sex
pheromones for premating communication. Sex pheromones are not perceived alone, but in blends with
habitat and food signals, which enhance their behavioral activity1,2. The neural circuitry underlying the
integration of these two types of chemosensory cues is a target for sexual and natural selection, and
accordingly salient for reproductive isolation and speciation3,4.
Fruit flies Drosophila melanogaster gather and mate on decaying and fermenting fruit5,6. Yeast growing
on fruit serves as an essential part of the adult and larval diet and flies are accordingly attracted to fermentation metabolites7–9. During mating, males release the volatile sex pheromone cis-vaccenyl acetate
(cVA), which increases female receptivity10 and functions as an aggregation pheromone, since it enhances
male and female attraction to food odour11,12. Odours emanating from food also act as aphrodisiacs
by themselves and promote male courtship13,14, which further emphasizes the interconnection between
pheromone and food odour communication in Drosophila.
Female receptivity to male courtship is regulated by doublesex neurons, which are responsive to
cVA15. Male courtship, on the other hand, is largely determined by the fruitless (fru) transcription factor16–18. Females and males perceive olfactory signals via shared first-order olfactory neurons, while
gender-specific differences in response to sex pheromone15,19–21 and food odour13 become apparent in
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Figure 1. Nutritional state and cVA attraction. Attraction of starved and fed unmated D. melanogaster
males and females (n =  40) to cVA, in a flight tunnel (a) and a y-tube olfactometer (b) bioassay. Wind
tunnel: upwind flight attraction to single odour sources (letters show significant differences between insects
of same sex and feeding state, in response to different odour sources; asterisks show significant differences
between starved and fed flies of the same sex to the same stimulus; GLM, Wald test, ***p <  0.001).
Olfactometer: choice test between a blend of cVA and vinegar vs. vinegar alone. Asterisks indicate significant
attraction (mean ± SEM, Wilcoxon test, **p <  0.01).

third-order olfactory neurons, some of which broadly respond to both types of odour21. It remains,
however, unknown how food odours modulate the response to pheromone.
Insects and other animals adjust their sexual behaviour according to mating and nutritional state; the
sensory and behavioural responses to sex and food signals are therefore under coincident modulation22–25.
Acute perception of cVA via Or67d (and the DA1 glomerulus) enhances female sexual receptivity in
Drosophila10, whereas chronic exposure and perception via Or65a (DL3) mediates an aversive effect of
cVA in both sexes26,27. Interestingly, short neuropeptide F (sNPF), which is regulated by insulin according
to nutritional state and modulates food attraction, is strongly expressed in these cVA-responsive DA1
and DL3 glomeruli28,29.
This led to the hypothesis that perception of pheromone and food signals is under concurrent modulation in Drosophila. We show for the first time that nutritional state has an effect on female attraction
to blends of male sex pheromone cVA and food odour, and that first-order olfactory circuits in the AL
contribute to this gender-specific behavioural modulation.

Results

Food intake has a sex-specific effect on pheromone attraction. Male sex pheromone cVA
enhanced upwind flight attraction of fed females to vinegar. Both starved and fed females were attracted,
while significantly fewer fed than starved males responded to this mixture of cVA and vinegar. Vinegar
alone attracted fewer fed than starved flies, of both sexes. Flies were only weakly attracted to cVA alone
(Fig. 1a). In a dual choice test, fed but not starved females showed a preference for the blend of cVA and
vinegar, over vinegar alone. In comparison, fed and starved males showed an opposite response (Fig. 1b).
Males transfer cVA to females during mating11,27,30,31 and the combination of cVA and food odour
signals aggregation and mating sites. The behavioural effect of increased cVA release during mating, and
of starvation on courtship is shown in Fig. 2. Mating flies release significantly more cVA than unmated
flies (Fig. 2a). Starved males responded more strongly to volatiles released by mating flies, or to corresponding amounts of synthetic cVA, than to volatiles released by unmated flies (Fig. 2b).
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Figure 2. Behavioural context: effect of cVA release on attraction and effect of starvation on courtship.
(a) Chromatograms showing volatiles released by mating (top) and non-mating flies (bottom trace).
Release of cVA increased from 8.1 ±  0.3 in non-mating flies (n =  8) to 43.4 ±  3.0 pg/min/fly in mating
flies (n =  6) (Mann-Whitney test, V =  48, p <  0.001). (b) Male attraction towards a blend of vinegar and
pheromone (volatiles collected from mating flies, non-mating flies, or synthetic cVA), compared to vinegar
alone in a y-tube olfactometer. Males were attracted by volatiles from mating flies (n =  20), and not to
volatiles from single flies (n =  22). Synthetic cVA equivalent to the amount released by mating flies (n =  25)
induced significant attraction (Wilcoxon’s signed rank test; *p <  0.05, **p <  0.01). (c) Sexual receptivity of
fed and starved females courted by either starved or fed males. (d) Effect of starvation of male courtship
behaviour, towards either fed or starved females. Asterisks (c,d) show a significant effect of starvation (GLM,
***p <  0.001; n =  30). Photos by S. Lebreton.

Responsiveness of fed female flies to cVA and vinegar (Fig. 1) may accordingly reflect sexual receptivity and attraction to mating sites. This was corroborated by testing the effect of starvation on mating
behaviour: sexual receptivity of females depended significantly on nutritional state, disregarding the
state of courting males (Fig. 2c). The effect of starvation and feeding on male mating activity was less
pronounced (Fig. 2d).

Starvation differentially affects vinegar and pheromone perception in the ALs of females.
We next analysed the effect of starvation on the AL response to cVA, vinegar and to a blend of cVA and
vinegar, using functional imaging of olfactory sensory neurons (OSNs), by driving GCaMP expression
under control of the Orco-GAL4 line. The DA1 glomerulus responded specifically to cVA, and not to
vinegar alone (Figs 3a,b, and 4). Responses in DA1 were recorded at dilutions of 10−2 and 10−1 (Fig. 3a).
In addition, stimulation with the highest cVA dose (10−1), elicited consistent responses in the DM2
and VM2 glomeruli (Figs 3a,b, and 4). This was confirmed by testing cVA in the Or22a-GAL4 and
Or43b-GAL4 lines (Fig. 3c,d). Ten glomeruli (DM1, DM2, DM3, DM4, DM5, DM6, VA2, VA7, VM2
and VM5v) responded to vinegar, at dilutions between 10−3 and 10−1 (Fig. 3b).
The effect of sex and starvation on the activity of cVA, vinegar and their blend in DA1 (responding
to cVA) and in DM2 and VM2 (responding to both vinegar and cVA) is shown in Fig. 4. cVA elicited
Scientific Reports | 5:13132 | DOI: 10.1038/srep13132
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Figure 3. Glomerular activation patterns in the AL of fed females, in response to cVA and vinegar.
(a) Schematic dorsal view of a D. melanogaster antennal lobe (AL). Coloured glomeruli (n =  17) were
reliably identified (66), remaining glomeruli are greyed out. Colours show the median normalized calcium
activity (Δ F/F [%]) in response to controls and odor applications, according to the colour bar on the left.
Antennal nerve (AN), antennal commissure (AC). (b) Heat odour map showing the calcium imaging
response of 16 glomeruli to cVA, vinegar (Vin) and a blend of both (Mix), in 3 dilutions, 10−3 to 10−1 and
the solvents, mineral oil (Mol) and water. Each data point shows the median glomerular response from
ten fed females, responses were normalized to the highest response in each fly. Colours show the median
normalized calcium activity (Δ F/F [%] (see colour bar above). (c) Calcium imaging response in 4-d-old
males to three dilutions of cVA (10-3 to 10-1) and solvent (Mol). Two fly lines, Or22a-GAL4 and Or43bGAL4 were used for imaging the DM2 (top) and VM2 (bottom) glomeruli. Median normalized calcium
activity (Δ F/F [%]), according to the colour bar on the right. (d) Median normalized calcium activity
(Δ F/F [%]; n =  10) in response to cVA, in DM2 and VM2 glomeruli (see c).

a stronger response in DA1 in females than in males, and its response was not significantly affected by
starvation in either sex. Interestingly, adding vinegar to cVA significantly decreased the DA1 response in
starved females, but had no effect in fed females (Fig. 4).
Nutritional state had a sexually dimorphic effect in the VM2 glomerulus in response to cVA.
Interestingly, the same response pattern was observed with a blend of cVA and vinegar, but not with vinegar alone. This suggests that cVA counteracts the effect of starvation on vinegar perception in females,
but not in males (Fig. 4).

Insulin signalling in specific OSNs is required to induce cVA attraction in fed females. In
Drosophila, sensitivity towards food odour is increased by starvation and reduced by feeding29,32–34. Our
results show that the response of fed males to a blend of vinegar and cVA is also reduced. In contrast, in
females, feeding does not decrease flight attraction to a cVA/vinegar blend. Fed, but not starved, females
even prefer this blend over vinegar alone. Therefore, we further investigated the physiological response
to cVA in females.
During starvation sNPF signalling in specific OSNs facilitates synaptic transmission and therefore
increases food perception at the postsynaptic level in the AL29. After feeding insulin-like peptides (ILPs)
are released from insulin-producing cells (IPCs) in the brain35 and activate the insulin receptor (InR)
in OSNs, which in turn suppresses expression of the sNPF receptor and thus decreases food odour
sensitivity29.
We tested whether the insulin-signalling pathway is also involved in regulating cVA attraction in
females in response to feeding. To this purpose we knocked down insulin signalling, in OSNs projecting
to specific glomeruli, using InR RNAi in fed females (Fig. 5a). We selected the DA1 glomerulus, which
is known to be involved in cVA detection36, and the DM2 and VM2 glomeruli, which both responded
Scientific Reports | 5:13132 | DOI: 10.1038/srep13132
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Figure 4. Activation of three cVA-responsive glomeruli (DA1, DM2, VM2) in the AL of starved and fed
flies in response to cVA and vinegar. Effect of starvation on calcium responses evoked by cVA, vinegar and
a blend of cVA and vinegar in three glomeruli (DA1, DM2 and VM2) responding consistently to cVA (see
Fig. 3). DM2 and VM2, but not DA1, responded to vinegar; solvent (mineral oil) did not elicit a significant
response. Median normalized calcium activity (Δ F/F [%]), according to the colour bar at the bottom.
Males and females, starved or fed (n =  8) were tested, stimuli were presented in a 10−1 dilution. Effect of
sex, starvation and the interaction of these two factors (starvation × sex) on the response elicited by each
stimulus in each glomerulus were tested using a two-way ANOVA (*p <  0.05, **p <  0.01). The response to
cVA alone and the blend of cVA and vinegar in starved females was compared with a Wilcoxon test (V =  34,
p =  0.023).

to cVA and vinegar (Figs 3 and 4). All control lines (uas-InR RNAi, Or67d-Gal4, Or22a-Gal4 and
Or43b-Gal4) showed a significant preference for the blend of cVA and vinegar. Knocking down insulin
signalling in the cVA-specific glomerulus DA1 almost entirely suppressed the preference for cVA in fed
females (Fig. 5a). This suggests that insulin signalling in Or67d-expressing OSNs is necessary to trigger
cVA attraction in fed females. When InR was knocked down in VM2, preference for cVA was no longer
Scientific Reports | 5:13132 | DOI: 10.1038/srep13132
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Figure 5. Effect of insulin signalling on female attraction to cVA and sexual receptivity. (a) Effect
of knocking down InR in three OSN subpopulations projecting to DA1 (Or67d-GAL4), DM2 (Or22aGAL4) and VM2 (Or43b-GAL4) glomeruli on cVA attraction in fed females (asterisks above bars show
significant attraction to cVA; mean +  SEM, Wilcoxon test, *p <  0.05, **p <  0.01; asterisks between bars
show significantly different preference indices between InR knocked-down flies and control lines, GLM,
*p <  0.05; n =  20 to 32). (b) Sexual receptivity of InR mutant (InRGC25/InRE19; n =  24) fed females compared
to corresponding controls (InRGC25/TM2 (n =  28) and InRE19/TM3 (χ 2-test, p =  0.88; n =  35).

significant. However, the behavior of these flies did not significantly differ from their control parental
lines and a role of VM2 in the regulation of cVA attraction could thus not be confirmed. Knocking down
InR in DM2 had no effect.
Finally, we tested whether the effect of starvation on female sexual receptivity to male courtship
depends on insulin signalling (Fig. 5b). Towards this goal, we used a temperature sensitive mutant of
InR37. These flies exhibit an InR mutant phenotype when the temperature is raised to 25 °C. Flies were
reared at 17 °C to avoid developmental defects due the lack of InR during larval development and were
kept at 25 °C after adult emergence. Sexual receptivity of fed females was not affected by the lack of
InR (Fig. 5b). Therefore, unlike cVA attraction, the insulin signalling pathway has no effect on female
receptivity.

Discussion

Integration of food and sex signals. Drosophila males and females meet on ripe fruit where they
feed, mate and oviposit6,38. Accordingly, they perceive food olfactory cues and pheromones as an ensemble. That environmental and social cues cannot be dissociated in natural habitats is reflected by the
behavioural and chemical ecology of the fly. Grosjean et al.13 established how food odours enhance the
sexual behaviour of Drosophila males. Projection neurons downstream of sensory neurons dedicated
to pheromone and food odours converge in the pheromone processing region of the lateral horn, to
promote male courtship behaviour. We here show that females and males use a first-order olfactory
pathway for the integration of male-produced sex pheromone cVA and food signals, and that the female
behavioural response to sex and food odours is modulated by its nutritional state, which also influences
sexual receptivity (Fig. 6).
The male-produced sex pheromone cVA functions to increase female receptivity to male courtship10,39.
Our behavioural studies of a blend of cVA and food odour vs. food odour alone show behavioural synergism and a response modulation in fed females, and demonstrate that the olfactory pathways responding
to these signals are interconnected. Starved females prioritize the search for food, cVA has no effect on
their upwind flight response (Fig. 1a) and their odour preference in a choice test (Fig. 1b). Fed females,
on the other hand, which are sexually receptive (Fig. 2), showed a clear response to the blend of cVA
and food odour (Fig. 1). Fed males, in comparison, showed little activity in response to olfactory stimuli
(Fig. 1). Unlike females, males preferred cVA only when starved, supporting the idea that starvation
increases odour sensitivity in males, disregarding the nature of the stimulus.
Adult Drosophila females require nutrient intake for reproductive functions, including oogenesis40,41.
An association between nutritional state and reproductive behaviour is a well-conserved feature in many
other animals42,43 and even in mammals, a decrease in sexual receptivity is accompanied by a loss of
preference for social odours signals44.
Scientific Reports | 5:13132 | DOI: 10.1038/srep13132
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Figure 6. Graphical abstract. Starved insects, females and males, are attracted to food odour. Fed females,
which are receptive to male courtship, but not fed males, are attracted to blends of cVA and food odour.
Insulin signalling in first-order olfactory neurons in the antennal lobe (AL), in DA1 and VM2 glomeruli,
contributes to this behavioural reaction.

Sex-specific modulation of the cVA pathway in the AL. A sexually dimorphic behavioural
response to cVA, i.e. increased female receptivity to male courtship vs. male-male aggression and courtship inhibition, relies on sexually dimorphic third-order neurons15,17,19–21. Food-related odour, by itself,
enhances male courtship behaviour through activation of sexually dimorphic courtship circuitry13.
The modulation of cVA perception in starved vs. fed females shown here effects first-order olfactory
neurons in the AL (Figs 3 and 4). cVA stimulates the DA1 glomerulus10. In addition, it elicits a response
in two isomorphic glomeruli, DM2 and VM2, which also respond to vinegar odour (Figs 3 and 4). The
response pattern in VM2 to cVA, as well as the behavioral response to a blend of cVA and food odours
are starvation-dependent and gender-specific (Figs 1 and 4). It remains to be determined how olfactory
input modulation and behavioral response modulation are interconnected.
Regulation of odour-mediated attraction by insulin. The global metabolic cue insulin and local
signalling with short neuropeptide F (sNPF) have been shown to interact in the AL to regulate the attraction response to food cues according to nutritional state. Following feeding, insulin (via activation of
InR) inhibits the expression of sNPF receptors in DM1 OSNs and therefore decreases sensitivity to food
odours by reducing synaptic transmission29. Our results confirm that DM1, DM2 and DM4 glomeruli,
which respond to starvation29, are activated by vinegar odour (Fig. 3b). Disruption of insulin signalling
in DA1, on the other hand, induces a loss of the preference for cVA in fed females (Fig. 5a). This suggests
that insulin acts on the female olfactory system to regulate pheromone attraction.
Insulin is a key regulator of insect development, metabolism and behaviour29,37,45–48. The role of insulin in regulating Drosophila sexual behaviour remains, nonetheless, controversial. Although insulin regulates female remating, it does not affect sexual receptivity in unmated females45,49, which we confirm by
using a temperature-sensitive mutant of InR (Fig. 5b). This suggests that the nutritional state regulates
both pheromone perception and sexual receptivity in females through two distinct mechanisms. Insulin
signalling is required, at least, in the DA1 glomerus to induce pheromone attraction (Fig. 5a) and in the
DM1 glomerulus to reduce food attraction29 in fed Drosophila females. The mechanisms by which the
same hormonal pathway can both up- and downregulate sensitivity to different odours are yet unknown.
A combination of excitatory and inhibitory local interneurons or projection neurons, receiving differential OSN input, may underlie such a bimodal response.
Another scenario pertains to the participation of sugar receptors in feeding-induced olfactory response
modulation. Sugar receptors function to sense external, as well as internal sugars in the hemolymph50
and very recently, it has further been shown that antennal neurons, expressing Gr64b together with
Orco, coincidently project to DA1 and VM251. This finding will certainly stimulate future work on the
physiological mechanisms regulating sexual behaviour as a function of nutritional state in Drosophila.

Conclusion

Drosophila courtship is a classical paradigm for studying the neural logic of innate behaviour. Research
emphasis has been placed on the male-produced sex pheromone cVA and the neural circuits encoding
Scientific Reports | 5:13132 | DOI: 10.1038/srep13132
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sex-specific behavioural responses15,21. The DA1 glomerulus is known to contribute to cVA attraction52.
We show that cVA activates also the sexually isomorphic DM2 and VM2 glomeruli, which respond to
vinegar, and that perception of cVA and food odour interacts in these glomeruli, in a gender-specific
fashion (Figs 3–5). It follows that investigations of physiological and behavioural responses to cVA
should take habitat or food odours into account, since in nature, the flies perceive social and environmental signals as an ensemble.
The behavioural response to olfactory stimuli is not a constant, but is modulated, following mating
or feeding, to match physiological internal states23,53–55. Our behavioural tests (Figs 1 and 2) show that
the olfactory attraction to food odour and sex pheromone is modulated according to nutritional state
and sexual receptivity.

Materials and Methods

Insects. The Dalby strain56 of the fruit fly Drosophila melanogaster was used as a wild-type strain. For
functional imaging experiments the following transgenic lines were used: Orco-GAL4; Or22a-GAL4;
Or43b-GAL457,58; UAS-GCaMP359. In order to manipulate the activity of InR in OSNs, a line expressing
an InR RNAi (UAS-InR RNAi) was used60. This transgene was expressed in subpopulations of OSNs
using specific GAL4 drivers (Or67d-GAL4, Or22-GAL4 and Or43b-GAL4)61. A global temperature sensitive InR mutant was obtained as previously described37: two transgenic lines (InR[E19]/TM2 and InRGC25/
TM3) were crossed and the resulting trans-heterozygous InR[E19]/ InRGC25 was a temperature sensitive
mutant of InR; InR[E19]/TM3 and InRGC25/TM2 were used as controls.
Flies were reared on a standard sugar-yeast-cornmeal medium diet under a 12:12 h L:D photoperiod.
Newly emerged flies were anesthetized with CO2 and separated by sex under a microscope. Flies of the
same sex were then kept in 30-ml plastic tubes with fresh diet (fed flies) or with a humidified piece of
cotton wool (starved flies). Wild-type flies were kept at room temperature while transgenic flies were
kept at 25 °C. InR mutants show a mutant phenotype when the temperature is raised to 25 °C. In order
to avoid any defect of the lack of InR during larval development, these flies were reared at 17 °C and kept
at 25 °C after adult emergence. Wild-type flies were starved for 3 d while transgenic flies were starved for
1–2 d before tests. Fly lines were obtained from the Bloomington Drosophila Stock Center (IN, USA)
and the Vienna RNAi Stock Center (Austria).
Behavioural analysis. Upwind flight attraction was observed in a wind tunnel62 made of glass, with
a 30 ×  30 ×  100 cm flight section. An airstream of 0.25 m/s was produced by a fan (Fischbach GmbH,
Neunkirchen, Germany), which was filtered and homogenized by an array of four activated charcoal cylinders (14.5 cm ø, 32.5 cm long; Camfil, Trosa, Sweden). The tunnel was lit diffusely from above, at 13 lux,
temperature ranged from 20 °C to 22 °C, relative humidity from 42% to 48%. Odours were delivered from
a piezoelectric sprayer63, driven by a microinjection pump (CMA Microdialysis AB, Solna, Sweden). 40
insects were flown to each test odour. Flies were scored for flying upwind from a release tube at the end
of the tunnel over 80 cm towards the odour source, which was concealed by a wire mesh.
A y-tube olfactometer with two branches (2 cm ×  30 cm glass tubes) and an air-stream of 0.25 m/s was
used. 25-ml glass vials were vertically connected with a ground glass fitting at the inlet of each branch;
these vials were either empty or filled with 8 ml of vinegar, to provide a vinegar odour background12.
In addition, cVA and hexane, respectively, were released at a rate of 10 μ l/min into the olfactometer
branches from a piezoelectric sprayer (see above).
Fed and starved D. melanogaster males and females were tested (n =  40). Single 3-d-old flies were
introduced at the entrance of the Y-tube and the time spent in each branch was recorded. Tests lasted
5 min. An attraction index (AI) was calculated as follows: AI = (time spent in branch with cVA – time
spent in control branch)/(time spent in cVA branch +  time spent in the control branch). The AI is 1,
when flies remain in the stimulus branch during the entire test; AI is –1, when flies remain in the control
branch; AI is 0, when test flies spend the same amount of time in both branches. Only flies that became
activated when exposed to the odour stimulus were taken into account.
Female sexual receptivity was tested with single fly pairs. One randomly selected female (fed or
starved) and one random male (fed or starved) were placed in round dishes (45 mm diameter ×  30 mm
high). All combinations were tested (n =  30 fed males/fed females, n =  20 fed males/starved females,
n =  40 starved males/fed females, n =  20 starved males/starved females). InR mutant and control females
were individually mated with a random wild-type starved male; males displaying courtship and females
mating within 1 h were recorded.
Odor collection. Fifteen to 16 flies (unmated females and males or copulating flies) were placed in a
glass vial with a narrow capillary-like outlet64. Charcoal-filtered air (0.9 l/min) was blown with an aquarium pump into the vial. Chemicals released by the flies were collected on the glass surface. After 75 min,
flies were removed and vials were rinsed three times with 100 μ l of hexane. Two types of extracts were
prepared: one with chemicals produced by copulating flies, the other with a mix of chemicals produced
by virgin flies of both sexes (with a female/male ratio of 1:1).
Chemical analysis. Heptadecenyl acetate (100 ng) was added to 50 μ l of the two previously
described extracts as an internal standard (n =  6 for mating flies, n =  8 for non-mating flies). These
Scientific Reports | 5:13132 | DOI: 10.1038/srep13132

8

www.nature.com/scientificreports/
extract were then analysed on a gas chromatograph coupled with a mass spectrometer (GC-MS; 6890
GC and 5975 MS, Agilent technologies Inc., Santa Clara, CA, USA); 2 μ l of the extracts were injected
into a HP-5MS silica capillary column (30 m ×  0.25 mm ×  0.25 μ m film thickness; Agilent Inc.) which
was temperature-programmed from 30 °C to 225 °C at 8 °C/min. The amount of cVA in mating and
non-mating fly headspace collections was quantified by peak integration of diagnostic fragments for
cVA (m/z =  250) and internal standard (m/z =  83). cVA was identified according to its mass spectrum
and retention time.

Optical imaging. Flies were prepared for optical imaging as described by Strutz et al.65. We used
a Till Photonic imaging system with an upright Olympus microscope (BX51WI) and a 20x Olympus
objective (XLUM Plan FL 20x/0.95W). A Polychrome V provided light excitation (475 nm), which was
then filtered (excitation: SP500, dicroic: DCLP490, emission LP515). The emitted light was captured by
a CCD camera (Sensicam QE, PCO AG) with a symmetrical binning of 2 (0.625 ×  0.625 μ m/pixel). For
each measurement, a series of 40 frames was taken at 4 Hz. Odor was applied after 1.5 s, during frames
6–14 (2 s).
cVA (Pherobank, Wageningen, The Netherlands) was diluted in mineral oil (Carl Roth GmbH,
Germany) from 10−1 to 10−3; white wine vinegar (Mezzocorana, Italy) was diluted from 10−1 to 10−3 in
distilled water. 6 μ l of these dilutions were pipetteted onto filter paper (~1 cm2, Whatman) and placed in
Pasteur pipettes. For tests of 2-component blends, two filter papers were placed into the same pipette.
Filter papers with solvent alone were used as blanks. Filter papers were prepared ca. 30 min before tests.
A stimulus controller (Stimulus Controller CS-55, Syntech) was used for odor application. Continuous
airflow (1 l/min), monitored by a flowmeter (0.4–5 LPM Air, Cole-Parmer) was directed through an
acrylic glass tube to the fly’s antennae. Odor stimuli were injected into this air stream.
Data from in vivo recordings were processed by custom-written IDL software (ITT Visual Information
Solutions). All recordings were manually corrected for movement. For the calculation of relative fluorescence changes (Δ F/F), the fluorescence background was subtracted from the averaged values of frames 0
to 6 of each measurement. The false color-coded fluorescent changes in raw data images were calculated
by subtracting frame 7 from 12.
A 3-D map of the fly AL66 served to link the active area to individual glomeruli. All experimental
flies contained the calcium dependent fluorescent sensor G-CaMP359 together with a promoter GAL4
insertion to direct expression of the calcium sensor to specific neuron populations. Stimulus-evoked
fluorescence in these flies arises from the population of labelled neurons that are sensitive to the specific
odour. We tested the physiological responses in input neurons, i.e. the axonal terminals of OSNs in the
AL. Mass labelling of OSNs was achieved by using the transgenic line Orco-GAL4 that drives expression
in at least 60% of all OSNs58.
Statistical analysis. Wind tunnel attraction data were analysed using a Generalized Linear Model
(GLM) with a Bernoulli binomial distribution. Post-hoc Wald pairwise comparison tests identified differences between treatments. Attraction index (AI) values were compared to a theoretical value of 0 (no
attraction), using a Wilcoxon’s signed rank test. To test the effect of starvation, sex, vinegar, and the interaction of these factors on cVA attraction, we used a Mixed-Effects Linear Model with the pheromone
treatment as a random effect. cVA preferences between transgenic lines were compared using a GLM
with a quasibinomial family followed by a multiple comparison analysis with a fdr correction method
(multcomp package). The effect of male and female starvation state on mating behaviour was analysed
using a GLM with a binomial error distribution. A χ 2-test was used for male courtship and female receptivity in InR mutants. Optical imaging data were analysed using a two-way ANOVA. The amounts of cVA
released by mating and non-mating flies were compared using a non-parametric Mann-Whitney test.
Statistical analyses were computed with R (R 2.1.1, R Development Core Team, Free Software Foundation
Boston, MA, USA).
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Abstract
Mate recognition evolves during niche adaptation and includes adaptive olfactory specialization
to food odors and to pheromones. Social and habitat olfactory cues are always perceived as an ensemble in nature, and their interaction may enhance premating isolation and speciation. Known sex
pheromones of Drosphila melanogaster are active at close-range during courtship. The male aggregation and courtship pheromone cis-vaccenyl acetate (cVA) is found in several other Drosphila
species, whereas the female aphrodisiac (Z,Z)-7,11-heptacosadiene (7,11-HD) contributes to reproductive isolation. We show that 7,11-HD is the precursor for the volatile sex pheromone (Z)-4undecanal (Z4-11Al), which mediates long-range sexual communication. Z4-11Al is released by D.
melanogaster females, and attracts males and females by upwind flight and elicits courtship in experienced males. The flies perceive Z4-11Al via OR69aB, a splice variant of the odorant receptor
(OR) OR69a. The other variant ,OR69aA, is tuned to terpenoid compounds of plant and yeast
origin, including (R)-linalool. The behavioral response to Z4-11Al and a blend of Z4-11Al and (R)linalool is species-specific, since only D. melanogaster is attracted and not the closest relative D.
simulans. The tuning range and phylogenetic divergence of OR69aA and OR69aB /the OR69a
splice variants is constrained, since they are expressed in the same olfactory sensory neuron (OSN)
in ab9 antennal sensilla and feed into the same sensory circuit. Z4-11Al is the first species-specific
compound known to mediate long-range attraction in D. melanogaster and OR69a is the only olfactory gene known to affect dual olfactory traits. Combined input of sex and food signals via a single
olfactory channel affords a collaboration between natural and sexual selection. It now becomes
possible to study the evolution of ligand specificity of OR69aA and OR69aB, in response adaptation to habitat and social signals, since the origin of the splicing event, prior to the emergence of the
D. melanogaster species group.
Keywords: specific mate recognition, pheromone, mating behavior, semiochemicals

Introduction
Specific mate recognition evolves in concert with
niche adaptation and comprises social and habitat
cues (Paterson, 1985; Smadja & Butlin, 2009; Mendelson & Shaw, 2012). Insects and other animals use
volatile sex pheromones for long-range communication and efficient mate recognition and finding. Pheromones are released into ambient air that is filled
with habitat odors, including food and oviposition
site signals. Perception of these signals is integrated
and the evolution of specific mate recognition and
olfactory niche formation is accordingly under a
combined effect of ecological and sexual selection
(Servedio et al., 2011; Safran et al. 2013).

The fruit fly Drosophila melanogaster feeds and
mates on fermenting fruit (Laturney & Billeter, 2014)
and a range of yeast and fruit volatiles attracts flies to
mating and oviposition sites (Becher et al., 2012;
Dweck et al., 2013). The intensity of male sexual
behavior has been linked to the integration of pheromone and food sensory cues (Grosjean et al., 2011),
integration of pheromonal and food stimuli serves to
coordinate feeding and oviposition site selection with
reproductive behavior.
The male produced sex pheromone, cis-vaccenyl
acetate (cVA), is an outstanding current paradigm for
studying the molecular and neuronal logic of innate,
olfactory-mediated reproductive behavior (Kohl et
al., 2013; Clowney et al., 2015; Auer & Benton,
2016), since food and pheromone odors are integrat-
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ed in the brain. D. melanogaster shares, however,
cVA with a range of close species and cVA is accordingly not expected to transmit a specific message
mediating premating mate recognition.
The female-produced cuticular hydrocarbon 7,11HD, on the other hand, has been shown to play intraand interspecific roles in courtship and reproductive
isolation, for example, between D. melanogaster and
D. simulans (Coyne et al. 1994; Ferveur, 2005; Billeter et al., 2009). However, 7,11-HD is not volatile,
it is perceived through gustatory receptors and functions only during courtship (Miyamoto & Amrein,
2008; Thistle et al., 2012; Toda et al., 2012).
We show that 7,11-HD is the precursor for (Z)-4undecanal (Z4-11Al), a female-produced pheromone
that elicits long-range upwind flights and males and
females. Z4-11Al is perceived by OR69aB, while its
splice variant OR69aA responds to yeast and plant
volatiles. Genes encoding dual signals have not been
identified in Drosophila. OR69aA and OR69aB play
a role in the coordination mate and food feeding, and
may facilitate reproductive isolation during niche
adaptation.

Methods
Insects
The Canton-S and Dalby-HL (Ruebenbauer et al.
2008) (Dalby, Sweden) strains of D. melanogaster,
were used as wild type flies for behavioral experiments. The Dalby line was used as a standard wild
type while the Canton-S line was used as a wild type
to compare against knockouts since they share a
common genetic background. We also conducted
experiment with the Zimbabwe strain of D. melanogaster (UCSD Drosophila Stock Center) and the
sister species Drosophila simulans Sturtevant (Diptera: Drosophilidae) (UCSD Drosophila Stock Center), who does not produce (Z)-4-undecenal (Jallon
and David 1987, Cobb and Jallon 1990).
We used the Gal4-OR69a/UAS TeTx, tetanus toxin
knockout line to verify the role of OR69a in longrange attraction to Z4-11AL. Canton-S/UAS TeTx
(Bloomington Drosophila Stock Numbers 28838 and
28997) and Canton-S/Gal3OR69a (Bloomington
Drosophila Stock Number 10000) were used as parental controls. Since the tetanus toxin knockout parental lines failed to court properly, we used
OR69aRNAi/OrcoGal4 fly lines, and OrcoGal4 and
OR69aRNAi (VDCR, Vienna) parental lines to assess the effect of Z4-11Al on courtship behavior.
Flies were reared on a standard sugar-yeastcornmeal medium diet at room temperature (19°C22°C) and under a 10:14 h L:D photoperiod. Newly
emerged flies were anesthetized under CO2 and sexed
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under a dissecting microscope. Virgin flies were
identified by the presence of the meconium in the
guts, and were kept together with flies of the same
sex. Mated males were kept together with females,
but were separated for the last 2 days before the start
of the experiments. All flies were kept in 30 ml Plexiglas vials with fresh food, until they were used in
experiments.
Odor collection and chemical analysis
Approx. 20 D. melanogaster (Dalby), D. melanogaster (Canton-S) (n=6) or 20 D. simulans (n=10)
virgin female or virgin male flies were placed in a
glass vial with a narrow open outlet (ø 1 mm), which
prevented the flies from escaping. A charcoal-filtered
air flow (100 mL/min) passed through the vial during
75 min. Fly effluvia were adsorbed on the glass,
breakthrough was monitored by attaching a 10-cm
glass capillary (ø 1 mm). After 75 min, flies were
removed and 100 ng of heptadecenyl acetate (internal
standard) was deposited in the vials. Vials and glass
capillaries were rinsed with 50 µl of hexane, the solvent was concentrated to 10 µl in the narrower part of
Francke vials.
Cuticular extracts (n=5) were obtained by dropping
20 D. melanogaster females in 400 µl of hexane containing 100 ng of heptadecenyl acetate for 5 min.
After 5 min, the extracts were transferred to a new
1.5 ml glass vial and kept at -20°C until analysis. Just
before analysis, the extracts were concentrated to 10
µl.
Oxidation of 7,11-heptacosadiene was analyzed by
depositing 100 ng of synthetic 7,11-heptacosadiene
in a 1.5 ml glass vial. Vials were rinsed with 10 µl of
hexane, which contained 100 ng of heptadecenyl
acetate as an internal standard, after 15, 30, 45, 60
and 75 min (n=3 for each).
Samples were then analyzed on a gas chromatograph coupled with a mass spectrometer (GC-MS;
6890 GC and 5975 MS, Agilent technologies Inc.,
Santa Clara, CA, USA). Two µl were injected into a
HP-5MS silica capillary column (30 m x 0.25 mm x
0.25 µm film thickness; Agilent technologies Inc.)
that was temperature-programmed from 30°C to
225°C at 8°C/min.
Behavioral assays
Upwind flight behavior was observed in a glass wind
tunnel (30 x 30 x 100 cm) equipped with a piezo
sprayer (Becher et al. 2010). The flight tunnel was lit
diffusely from above, at 13 lux, temperature ranged
from 20oC to 24oC, relative humidity from 38% to
48% and charcoal filtered air, at a velocity of 0.25
m/s, was produced by a fan (Fischbach GmbH,
Neunkirchen, Germany). Compounds were delivered
from the center of the upwind end of the wind tunnel

via a piezo-electric micro-sprayer (El-Sayed et al.
1999).
Forty flies were flown individually to each treatment. Flies were determined to be attracted when
they flew upwind from a release tube at the end of
the tunnel over 80 cm towards the odor source. Unmated, fed, three-day-old male, and female Dalby
wild-type flies, D. melanogaster Zimbabwe strain
males, and D. simulans males, were flown towards
(Z)-4-undecenal, (R)-linalool, (S)-linalool at rates of
10ng/min and the blend of (Z)-4-undecenal and (R)linalool (1ng/min each). Additionally, attraction towards Z4-11Al was tested on tetanus toxin knockout
lines using three day old, mated males and Canton-S
flies as the wild-type control.
Courtship experiments were conducted on a light
box with outer dimensions of 37 × 28 × 2,5 cm, an
illuminated area of 30 × 20 cm, and an approximate
color temperature of 5000 Kelvin (+/- 5%) (Kaiser
Slimlite 2422; Kaiser Fototechnik GmbH & Co. KG,
Buchen, Germany). The courtship arena consisted of
three glass plates (17 × 13 × 0,5 cm) placed on top of
each other. The middle plate was perforated with 12
circular holes (3 cm in diameter), and each hole constituted a single-pair mating chamber. To avoid odor
contamination all glassware was replaced between
treatments, and heated to 350°C for a minimum of
eight hours using a drying oven before reuse.
Target flies, either male or female virgin flies, were
anesthetized with ice and decapitated prior to the
experiments. A single target fly was added to each
mating chamber, and 1 µl of either Z4-11Al (1 ng/µl
in heptane) or a heptane control was applied to the
abdomen of each fly. After allowing the solvent to
evaporate during two minutes a single live experimental fly was introduced into each mating chamber.
The flies were then observed for 20 minutes. Any of
the following behaviors were scored as courting:
orientation, wing vibration, licking, and attempted
copulation. Treatments and controls were always
conducted simultaneously, and 24 mating pairs were
observed at the same time. Each fly was used only
once.
The experimental flies were either mated or virgin
male flies that were tested separately towards both
male and female virgin target flies. For each of these
treatments 160 experimental flies were tested, 80
towards flies treated with Z4-11Al and 80 towards
flies treated with heptane.
Heterologous expression of OR69aA and
OR69aB
OR69aA and OR69aB receptors were cloned from
antennae of D. melanogaster, Dalby strain, according
to Gonzalez et al. (2016). Briefly, cDNA was generated from RNA extracts of antennae of 100 flies

(mixed male and female) using standard procedures.
OR69a variants were PCR amplified with the following primers:
OR69aA_5’: GTCATAGTTGAAACCAGGATGCAGTTGC, OR69aB_5’: ATAATTCAGGACTAGATGCAGTTGGAGG, OR69aAB_3’:
TGCACTTTTGCCCTTTTATTTAAGGGAC.
The splice variants were amplified with unique 5’
primers and a common 3’ primer, reflective of genomic structure at this locus. These primers encompass the entire open reading frame of the receptor
variants, and are located partially upstream and
downstream of the start and stop codons. PCR amplicons were gel purified and cloned into the
pCR8/GW/Topo-TA Gateway entry vector (ThermoFisher Scientific, Waltham, MA, USA) according to
standard procedure, with vector inserts sequenced to
confirm fidelity of OR sequence. OR inserts were
subsequently transferred to pUAS.g-HA.attB (Bischof et al., 2007) with LR Clonase II enzyme (Thermo-Fisher Scientific), according to manufacturers
protocol; vector inserts were sequenced to confirm
fidelity of OR sequence.
Mini-prep purified pUAS.g-HA.attB plasmid with
OR69aA or OR69aB insert were delivered to Best
Gene Inc. (Chino Hills, CA USA) for generation of
transgenic D. melanogaster flies. Using the PhiC31
targeted genomic-integration system (Bischof et al.,
2007) vectors with OR69aA or OR69aB were injected into the following fly strain, for integration on the
3rd chromosome: M{3xP3-RFP.attP}ZH-86Fb (with
M{vas-int.Dm}ZH-2A) (Bloomington Drosophila
Stock Number: 24749). For expression of single receptor variants in the empty neuron system, OR69a
transgenes were crossed into the ΔHalo background
to give genotype: w; ΔHalo/Cyo; UASDmelOR69a(A or B), and these flies were crossed to
flies with genotype: w; ΔHalo/Cyo; DmelOR22aGal4, as described previously (Gonzalez et al., 2016).
Experimental electrophysiology assays were performed on flies with genotype: w; ΔHalo; UASDmelOR69a(A or B)/DmelOR22a-Gal4.
For co-expression of OR69aA and OR69aB in the
same empty neurons, a second fly-line with OR69aB
was generated with OR69aB present on the Xchromosome. The same UASg-HA.attB:OR69aB
plasmid generated previously was injected into the
following fly strain: y,w, P{CaryIP}su(Hw)attP8
(Bloomington Drosophila Stock Number: 32233).
The OR69aB transgene was crossed into the
DmelOR22a-Gal4 line in ΔHalo background to give
genotype:
UAS-DmelOR69aB;
ΔHalo/Cyo;
DmelOR22a-Gal4; these flies were crossed to flies
with genotype: w; ΔHalo/Cyo; UAS-DmelOR69aA.
Experimental electrophysiology assays were performed
on
flies
with
genotype:
UAS-
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DmelOR69aB/w;ΔHalo;UAS-DmelOR69aA/
DmelOR22a-Gal4.
Phylogenetic analysis of Drosophilid OR69a
homologues
Nucleotide sequences for the complete open reading
frames of Drosophila melanogaster OR69aA (accession number: NM_206348) and OR69aB (accession
number: NM_206347) were obtained from NCBI
genbank. These sequences were used to blast query
genomic sequence from D. simulans, D. sechellia, D.
yakuba, D. erecta, D. ananassae, D. persimilis, D.
pseudoobscura, D. willistoni, D. mojavensis, D. virilis, and D. grimshawi. Based upon blast homology,
the coding sequence for the OR69a homologues were
manually compiled and translated with ExPASy web
Translate tool (Artimo et al., 2012).
Amino acid sequences of OR69a homologues plus
all other ORs from D. melanogaster were aligned
using MAFFT online version 7.220 (Katoh and Toh,
2010;http://mafft.cbrc.jp/alignment/server/phylogeny
.html) through the FFT-NS-i iterative refinement
method, with JTT200 scoring matrix, “leave gappy
regions” set, and other default parameters. Aligned
sequences were used to calculate the evolutionary
relationships of the OR69a gene family with MEGA7
software (Tamura et al., 2013) in command line, with
the following parameters: Maximum Likelihood Tree
Method with the JTT-F’ model, uniform rates, use all
sites, nearest neighbor interchange heuristic method,
very strong branch swap filter and default automatic
NJ/BioNJ initial tree. The boostrap consensus of each
phylogenetic tree was inferred from 600 replicates.
Output consensus Newick format trees were compiled with MEGA5 software (Tamura et al., 2013)
and edited with Adobe Illustrator. All other D. melanogaster ORs were clipped for visual presentation,
and boostrap support values lower than 70 are not
shown.
Functional imaging
Flies were prepared for optical imaging as described
by Sachse et al. (2007). The head capsule was opened
by incising the cuticle between the antennae and the
eyes. With the brain immersed in Ringer’s saline, the
ALs were exposed by removing muscle tissue, glands
and trachea. In vivo recordings of illuminated preparations were processed using custom software.
We used a Till Photonic imaging system with an
upright Olympus microscope (BX51WI) and a 20x
Olympus objective (XLUM Plan FL 20x/0.95W). A
Polychrome V provided light excitation (475 nm),
which was then filtered (excitation: SP500, dicroic:
DCLP490, emission LP515). The emitted light was
captured by a CCD camera (Sensicam QE, PCO AG)
with symmetrical binning. For each measurement, a
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series of 300 frames was taken (1 Hz). Data were
analyzed using IDL (Research Systems).
A 3‐D map of the fruit fly AL (Laissue et al. 1999)
served to link the active area to individual glomeruli.
All experimental flies contained the calcium dependent fluorescent sensor G‐CaMP (Nakai et al. 2001)
together with a promoter Gal4 insertion to direct
expression of the calcium sensor to specific neuron
populations. Stimulus‐evoked fluorescence in these
flies arises from the population of labeled neurons
that are sensitive to the specific odor.
We tested the physiological responses in input neurons, i.e. the axonal terminals of OSNs in the AL.
Mass labeling of OSNs will be achieved using the
transgenic line Orco83b‐GAL4 that drives expression in at least 60% of all OSNs (Larsson et al.
2004). For specific OSNs, two transgenic lines expressing G‐CaMP in ORs have been used: Or22a‐
GAL4 and Or43b‐GAL4. Additionally, for mass
labeling of PNs, the transgenic line GH146‐GAL4,
expressing G‐CaMP in 83 out of the 150 PNs in
each AL (Vosshall & Stocker 2007) has been used.
Fly lines were obtained from the Bloomington Drosophila Stock Center (IN, USA). Transgenic flies
have been generated using standard procedures.
Single sensillum recordings
For testing of the native receptors expressed in the
small basiconic ab9 sensilla, virgin female flies of
Drosophila melanogaster (strains Canton-S and
Zimbabwe) and of Drosophila simulans were tested
by single sensillum recordings (SSRs). Flies were
restrained inside 100 µl yellow pipette tips, with only
half of the head protruding. Each trapped fly was
placed with the dorsal side-up on dental wax and its
protruding right antenna was laid on a cover slip also
mounted on dental wax on a microscope slide. The
right antenna was then manipulated until exposing
the ab9 sensilla located under the arista (Couto et al.,
2005; van Naters et al. 2007).
For testing of flies heterologously expressing their
OR69aA and OR69aB in large basiconic sensilla,
recordings were made from the ab3 sensilla of mutant D. melanogaster flies. In this case, flies were
prepared and mounted as described in Stensmyr et al.
(2003). Briefly, flies were trapped inside 100 µl pipette tips with only the top half of the head protruding. Trapped flies were placed ventral side-up on a
microscope slide and the left antenna was pushed
with a glass capillary onto a piece of double-sided
adhesive tape placed on a piece of glass to expose
their ab3 sensilla. Both the pipette tip and the piece
of glass with the antennae were mounted and fixed
with dental wax on the microscope slide.
In both types of experiments, tungsten electrodes
(diameter 0.12 mm, Harvard Apparatus Ltd, Eden-

bridge, United Kingdom), electrolytically sharpened
with a saturated KNO3 solution, were used to penetrate the eye and the corresponding sensilla of the
flies. The recording electrode (introduced at the base
of the sensilla) was maneuvered with a DC-3K micromanipulator equipped with a PM-10 piezo translator (Märzhäuser Wetzler GmbH, Germany). The
reference electrode was manually inserted through
the eye. The signal from the olfactory sensory neurons (OSNs) was amplified 10 times with a probe
(INR-02, Syntech, Hilversum, the Netherlands), digitally converted through an IDAC-4-USB (Syntech)
interface, visualized and analyzed with the software
Autospike v. 3.4 (Syntech).
During recording sessions, a constant flow of 0.65
m/s of charcoal-filtered and humidified air was delivered through a glass tube with the outlet 15 mm apart
from the antenna. The panel of odorant stimuli was
presented to the insect by blowing air through pipettes inserted in a lateral hole of the glass tube delivering the constant charcoal-filtered humidified air.
The air puff was controlled with a stimulus controller
(Syntech SFC-1/b) and consisted of a flow of 2.5 ml
of air during 0.5 seconds.
Odorants were diluted in heptane as appropriate.
Diluted odors (10 µl) were pipetted onto a small
piece of filter paper (~1 cm2) and placed inside a
glass Pasteur pipette. For odorant application, a
stimulus controller was used (Stimulus Controller
CS-55, Syntech, Hilversum, The Netherlands).
Adult flies were immobilized and the third antennal
segment was placed in a stable position. Sensilla
were localized at 1000x magnification and the extracellular analog signals originating from the OSNs
were detected by inserting a tungsten wire electrode
in the base of a sensillum. The reference electrode
was inserted into the eye. Signals were amplified
(10x; Syntech Universal AC/DC Probe), sampled
(10,667.0. samples/s) and filtered (100–3000 Hz with
50/60 Hz suppression) via USB-IDAC connection to
a computer (Syntech). Action potentials were extracted as digital spikes from the analog signal according to top–top amplitudes using Syntech Auto
Spike 32 software. Neuron activities were recorded
for 10 s, starting 2 s before a stimulation period of
0.5 s. Responses of individual neurons were calculated as the increase (or decrease) in the action potential frequency (spikes/s) relative to the pre-stimulus
frequency.
To determine the responsiveness of OR69aA and
OR69aB naturally expressed in ab9 sensilla of D.
melanogaster strains and D. simulans, and to test the
OR69aA and OR69aB of D. melanogaster strain
Canton-S expressed in ab3 sensilla, the same test
panel of their known most active ligands (Münch and
Galizia, 2016) plus aldehydes with putative phero-

mone function was prepared (Figure 3). To confirm
the identity of the tested sensilla, diagnostic compounds were used: 2-phenyl ethanol in the case of
ab9 and 2-heptanone for ab3 sensilla. In both cases,
the identity was confirmed by the activation of the B
neuron of these sensilla.
Compounds were diluted in redistilled hexane
(LabScan), 10 µl of the diluted test compounds were
applied to disks of filter paper held in glass Pasteur
pipettes. filter papers were placed on the end of the
pipettes to decrease evaporation of compounds. Control pipettes contained solvent (hexane) only. Fresh
filter papers were prepared before each recording
session, and kept at -18°C until the start of the recording session. Only complete recording sessions of
the entire set of test stimuli were evaluated.
SSR responses were quantified by counting the
number of spikes for 500 ms starting from the onset
of the response (as determined by the earliest response for the recording session), subtracting the
number of spikes during 500 ms before response.
Four to five whole-panel replicates were performed
for experiments testing the response of ab9 in D.
melanogaster and D. simulans flies. For ab3 experiments, 9-11 replicates were performed per each test.
Statistical analysis
Generalized linear models (GLM) with a Bernoulli
binomial distribution were used to analyze wind tunnel data. Upwind flight and sex were used as the
target effects. Post-hoc Wald pairwise comparison
tests were used to identify differences between treatments. Courtship assays were analyzed using chisquared tests to compare between treatments and
their respective control. For all the electrophysiological tests, differences in spike activity derived from
SSRs were analyzed with Kruskall Wallis H test followed by pairwise comparisons with Mann Whitney
U post hoc test. All statistical analysis were carried
out using R (R Core Team 2013) and SPSS Version
20.0 (IBM Corp, 2013).

Results
A single D. melanogaster fly spoils a glass of wine if it is of the female sex. During behavioral studies,
one of us became aware that female flies produce a
distinct odor that allowed us to differentiate between
females and males. We were indeed capable and willing to reliably tell apart female and male flies, by
sniffing their abdominal ends, according to the presence and absence, respectively, of a characteristic
scent. When we ensuite contained flies in a glass
apparatus for volatile entrainments, the odorant noticeably persisted. We then submitted a bet to the
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very popular German television show "Wetten
dass…" that we would be able to detect the difference between male and female fruit flies, but our
application was not considered. Meanwhile, the show
has been suspended and we chose to produce this
written account instead.

nogaster, six of which are female specific (Figure 1).
These compounds were tentatively identified based
on their mass spectra and Kovats Indices. Ten compounds shared by both males and females appeared
to be saturated aldehydes with a carbon chain length
comprise between C7 to C18. The six female-specific
aldehydes were mono-unsaturated with a double
bond on the position 4. Among the compounds released specifically by females, one was present in
relatively large amounts. This compound was identified as (Z)-4-undecenal (Z4-11Al) and synthesized
(Supplementary Information).

Chemical analysis
Inspired by our finding we collected chemicals released by D. melanogaster males and females on a
glass surface. Chemical analysis by GC-MS revealed
the presence of 16 aliphatic aldehydes compounds
that have not been previously described in D. mela-
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Figure 1. Headspace analysis of D. melanogaster males and females. (A) Chromatograms showing the presence of 16 yet undescribed compounds, among which six are female specific (red). The most abundant cuticular hydrocarbon, 7-tricosene (7-T) is
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6

Courtship experiments show that previous mating
experience modulates male courtship mediated by
Z4-11Al. Both mated and unmated males court decapitated females more than they do males. Unmated
males do not court decapitated males, or females
treated with Z4-11Al more than the control. However, previously mated males significantly court more
males and females that have been treated with Z411Al (Figure 2B, left). Next, we tested whether Z411Al was a species-specific signal. Mated wild type
males significantly court more females treated with
Z4-11Al than those treated with controls. We then
treated D. simulans females, which don't produce Z411Al, with the compound to determine if adding
would elicit male D. melanogaster male courtship.
We found that D. melanogaster males significantly
court D. simulans females if they are treated with the
D. melanogaster produced pheromone. Accordingly,
D. simulans males do not actively court D. melanogaster females either with an addition of Z4-11Al, or
without it (Figure 2C, center).
Lastly, we used tetanus toxin mutants and RNAi fly
lines to determine whether OR69a was responsible
for Z4-11Al attraction. Long-range attraction assays
with tetanus toxin knockouts and courtship assays
with RNAi lines confirm the role of OR69a in the
detection of Z4-11Al. Both long distance attraction,
towards Z4-11Al (Figure 2B) and courtship towards
females treated with Z4-11Al was significantly reduced in knockouts but remained in parental lines
(Figure 2C, right).

Behavioral assays
In order to determine whether Z4-11Al functions as a
long distance attractant in D. melanogaster we used
wind tunnel assays. We first determined whether it
functioned as a sex-specific pheromone or an aggregation pheromone. Both male and female moths are
strongly and similarly attracted to Z4-11Al (Figure
2A). We then tested whether R and S linalool are
similarly attractive since linalool had been reported
as a ligand for OR 69a. Attraction to both isomers
linalool is the same in both genders, however (S)linalool is significantly less attractive for both genders compared to both (R)-linalool and Z4-11Al
(Figure 2A). Finally we tested whether the blend of
Z4-11Al and (R)-linalool was as attractive as the
individual components or if it modified behavior
differently. Interestingly this blend, although it is as
attractive as Z4-11Al and (R)-linalool for males, it is
significantly less attractive than both the components
for females (Figure 2A).
We next tested attraction whether Z4-11Al, (R)linalool, (S)-linalool and the blend between Z4-11Al
and (R)-linalool are attractive to males of a population of D. melanogaster from Zimbabwe and the
closely related species, D. simulans. Of all treatments, only D. simulans males were significantly
attracted to (R)-linalool. Interestingly, the Zimbabwe
population of D. melanogaster is not attracted to Z411Al, (R)-linalool or the blend (Figure 2A).
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Asterisks indicate significant differences between treatments for the different Drosophila lines. (B) Long range attraction towards
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Functional imaging
Calcium imaging responses to Z4-11Al in the antennal lobe (AL), the first olfactory center in the fly
brain is shown in Figure 3. Both in males and females, Z4-11Al activated 3 glomeruli VM2, DM2
and D. The D glomerulus is innervated by neurons
expressing OR69a olfactory receptors. In order to
confirm the identification of the D glomerulus, R‐
linalool was included as a diagnostic odor. Responses
in the D glomerulus to Z4‐11Al started from 60 ng.

By using Or43b‐Gal4 and Or22a‐Gal4 lines, we
confirmed that Z4‐11Al activates also VM2 and
DM2, with a response threshold of 60 ng and 0.06
ng, respectively.
We further tested the calcium imaging responses to
Z4‐11Al at the output level, in GH146‐Gal4
flies. Recordings from projection neurons confirmed
the activity of Z4‐11Al in D and DM2 glomerulus,
but no clear responses could be detected from the
VM2 glomerulus (Figure 3).

Figure 3. Functional imaging in 4-day-old unmated D. melanogaster males and females. (A) Calcium imaging responses of Orco83b males (top row) and females (second row from top) to control (mineral oil), to 60 and 600 ng Z4-11Al, and to R-linalool (600
ng), chosen as known ligand for the D glomerulus. (B) Response in Or22a-Gal4 males to Z4-11Al and ethyl butyrate in the DM2
glomerulus and Or43b-Gal4 males in the DM5 and VM2 glomeruli. (C) Response in GH146-Gal4 males to Z4-11al and R-linalool
at the PN level in D and DM2 glomeruli. (D) Response in males and females in the anterior, posterior, lateral and medial areas of
the lateral horn. Bars show the standard error of the mean (SEM) (n=6).
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Single sensillum recordings
Z4-11Al strongly activates olfactory neurons in ab9A
sensilla in male and female antennae (Figure 4). These neurons co-express OR69aA and OR69aB, two
splice variants of OR69a (Figure 4F). The response
threshold was 50 ng Z4-11Al (~200 spikes/sec), as
measured by GC-SSR.
A test panel including the most active known ligands for OR69a and three aldehydes showed highest
response to R-carvone in D. melanogaster Canton-S
and Zimbabwe flies, the response to Z4-11Al and
(R)-linalool was significantly lower in Zimbabwe
flies (Figure 4A). Heterologous expression of

OR69aA and OR69aB, singly and together, in ab3
empty neurons shows distinct response spectra for
the single ORs, while co-expression in ab3 produces
a similar response as in native ab9 sensilla. OR69aB
responds best to both isomers of carvone, followed
by Z4-11Al; OR69aA is tuned to terpenoids and responds little to Z4-11Al (Figure 4B,C). Remarkably,
R-carvone and Z4-11Al are structurally very similar
(Figure 4E).
Phylogenetic analysis of the Drosophila species
with known genomes shows that the splicing of
OR69a occurred prior to the emergence of the D.
obscura and D. melanogaster species subgroups
(Figure 4D).

Figure 4. Response spectrum of OR69aA and OR69aB. (A) Single sensillum recordings (SSR) in native ab9 sensilla in D. melanogaster males (Canton-S), D. melanogaster males (Zimbabwe) and D. simulans males, and (B) in ab3 “empty neuron” sensilla in
D. melanogaster, after heterologous expression of OR69aA and OR69aB, singly and together. Test panel comprises the known
most active ligands (Münch & Galizia, 2016) and three aldehydes. Cross-hatched bars indicate behaviourally active compounds.
Bars followed by different letters indicate subgroups with statistically significant differences (Kruskal-Wallis H test, MannWhiteny U post-hoc test, n = 4 to 11). (C) Spike trains from ab3 neurons expressing either OR69aA or OR69aB, in response to
three selected, behaviourally active compounds compounds. (D) Phylogeny of OR69aA (circles) and OR69aB (squares) in the D.
melanogaster subgroup. The OR69a splice variants emerged prior to the emergence of the D. obscura and D. melanogaster species subgroups, OR69aB was lost in D. ananassae. (E) Key ligands, showing structural similarity betweem (R)-carvone (1) and
Z4-11Al (7), and between (a)-terpineol (3) and (R)-linalool (6). (F) Alternative splicing of OR69a, where coloured boxes A and B
indicate unique exons for the splice products, dark boxes indicate the shared exons, resulting in co-expression of both OR69aA
and OR69aB in the same neurons in ab9 sensilla in D. melanogaster.
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Discussion
Animals reliably recognize prospective mates via sex
pheromones. In Drosophila, cuticular hydrocarbons
are essential olfactory components of intraspecific
courtship and heterospecific reproductive isolation.
The aphrodisiac 7,11-HD produced by D. melanogaster females conveys sex and species identity - it
elicits courtship in conspecific males and prevents
matings with close species, such as D. simulans
(Ferveur, 2005; Billeter et al., 2009).
We show that 7,11-HD is the precursor for Z411Al, a volatile sex pheromone, which is perceived
by OR69aB. The OR69a channel is corroborated by
behavioral experiments with flies where OR69a has
been switched off (Figure 2B, C) and by functional
imaging, showing a response in the D glomerulus to
Z4-11Al. Unlike with cVA, Z4-11Al does not hit a
labeled line, since DM2 and VM2 respond as well,
presumably due to interactions at the AL level (Figure 3).
This is the first identification of a female-produced
long-range sex pheromone in D. melanogaster. Neurons expressing OR69a are found in ab9 sensilla, not
in sensilla trichodea, and do not express the fruitless
gene. Z4-11Al readily elicits an innate upwind flight
response in males and females by and, in addition,
courtship behavior in experienced males. Clearly,
Z4-11Al is an elementary and most valuable substrate for neurophysiological studies of Drosophila
reproductive behavior.
The twin receptor, OR69aA, is tuned to structurally
related terpenoid compounds, such as linalool, found
in plant or yeast headspace (Chisholm et al., 2003;
Carrau et al., 2005). A combination of social and
environmental tuning in the two OR69a splice variants is remarkable and strongly hints a strong tie
between natural and sexual selection during speciation.
Olfactory representations of other ORs involved in
food and pheromone perception, especially in response to the male sex pheromone cVA and vinegar,
separately project to the lateral horn, where they partially overlap and probably integrate (Kohl et al.,
2013). In stark contrast, OR69a is the first olfactory
gene known to encode dual olfactory traits. OR69aA
and OR69aB, which co-express in the same OSNs,
achieve a coordination of mating and feeding or oviposition stimuli already at the antennal periphery.
This has consequences for the role of OR69a in phylogenetic divergence. The tuning range of ORs is
likely to evolve more rapidly than hardwired neural
circuits in higher brain centers (Ramdya & Benton,
2010) and OR69a therefore is a potential speciation
gene (Orr et al., 2004; Nosil and Schluter, 2011).
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Changes in the two splice forms of OR69a are constrained with respect to the behavioral and ecological
role of their ligands, since they both feed into a neural circuit mediating social and habitat attraction. The
two splice forms provide, on the other hand, degrees
of freedom during evolutionary divergence, since
they allow fly populations to tune to either new habitat or pheromone signals; deviations in either direction produce new blend combinations and new communication channels.
Diverging fly populations could track new pheromone dialects, reflecting changes in cuticular hydrocarbons, which are sometimes influenced by physiological or ecological changes (Chung et al., 2014), or
they could tune to volatile signatures of new food
resources. Changes in either Or would impact the
olfactory channel for long-range mate and food attraction. This affords a physiological basis for the
concept that specific mate recognition evolves in
concert with niche adaptation (Paterson, 1985; Mendelson & Shaw, 2012).
The genomes of a number of Drosophila species
are known (Clark et al., 2007). The evolution of ligand specificities, in response to changing habitat and
social signals, can be traced back to the origin of the
OR69a splicing event, at the emergence of the D.
melanogaster and D. pseudoobscura subgroups (Figure 4D). Moreover, OR69a, responding to a speciesspecific long-range sex pheromone and to fruit and
yeast-produced terpenoids is under a combination of
natural and sexual selection. The question whether
tuning to a combination of social and environmental
stimuli is maintained throughout this species group,
and how Or tuning changes in response to new food
niches critically contribute to our understanding of
the interaction of natural and sexual selection during
speciation.
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Supplementary information
Chemical Synthesis
Dry THF and dry Et2O was obtained from a solvent
purification system (Activated alumina columns,
Pure Solv PS-MD-5, Innovative technology, Newburyport, USA) and used in the reactions when dry
conditions were needed. All other chemicals were
used without purification. Reactions were performed
under Argon atmosphere unless otherwise stated.
Flash chromatography was performed on straightphase silica gel (Merck 60, 230–400 mesh, 0.040–
0.063 mm, 10–50 g/g of product mixture) employing
a gradient technique with an increasing concentration
(0–100 %) of distilled ethyl acetate in distilled cyclohexane. In cases of very polar products chromatography was continued with ethanol in ethyl acetate (020 %). Thin-layer chromatography (TLC) was performed to monitor the progress of the reaction on
silica gel plates (Merck 60, precoated aluminium
foil), using ethyl acetate (40 %) in cyclohexane as an
eluent, and plates were developed by means of spraying with vanillin in sulfuric acid and heating at
120°C. Purity of the product was checked with gas
chromatography (GC) analysis on a Varian 3300 GC
instrument equipped with a flame ionization detector
(FID) using a capillary column Equity-5 (30 m x 0.25

mm i.d, df = 0.25 µm, with nitrogen (15 psi) as carrier
gas and a split ratio of 1:20). The oven temperature
was programmed at 50 ˚C for 5 min followed by a
gradual increase of 10˚C min-1 to reach a final temperature of 300 ˚C. An Agilent 7890 GC equipped
with a polar capillary column FactorFOUR vf-23ms
(30 m x 0.25 mm i.d., df = 0.25 µm) coupled to an
Agilent 240 ion-trap MS detector for separation of
some isomeric intermediates. The injector was operated in split mode (1:20) at 275 °C, and a helium
flow rate of 1 ml min-1 and a transfer line temperature of 280 °C. The analyses were performed in the
external ionisation configuration. EI spectra were
recorded with a mass range of m/z 50-300 at fast
scan rate. Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Avance 500 (500 MHz
1
H, 125.8 MHz 13C) spectrometer using CDCl3 as
solvent and internal standard.
(Z)-4-Undecenoic acid

NaHMDS (6.78 mmol, 1 M in hexane) was added
drop wise, during 30 minutes, to a suspension of (3carboxypropyl)triphenylphosphonium bromide (1.45
g, 3.39 mmol) in THF (25 mL). The mixture was
stirred for 2 h then cooled to 0 °C on ice/water bath,
and heptanal (0.387g, 3.39 mmol) in THF (2.5 mL)
was added slowly during 15 minutes. The mixture
was stirred for 5 h at 0 °C then allowed to reach room
temperature over night. The reaction was quenched
with H2O (20 mL) and the organic solvent was evaporated. The remaining water phase was extracted
with Et2O (3 x 20 ml), the obtained organic phases
discarded and the basic aqueous phase was acidified
with HCl (2M) until pH 1 and extracted with Et2O (3
x 20 mL). The combined organic phases were dried
over MgSO4 and the solvent evaporated off. The
obtained crude product was dissolved in pentane,
cooled at − 18 °C and filtered to remove the precipitated OPPh3 followed by evaporation of the solvent
to result in 0.547 g of a yellow oil (87.5 % yield). 1HNMR: 5.52–5.30 (m, 2H), 2.35 (m, 4H), 2.04 (q, J =
6.5 Hz, 1.6H, Z-isomer), 1.96 (q, J = 6.5 Hz, 0.4H, Eisomer), 1.37–1.19 (m, 8H), 0.89 (t, J = 7 Hz, 3H)
ppm. The NMR data is in accordance with data previously reported (Henderson et al. 1994; Wube et al.
2011). The relationship by integration between protons at 2.04 and 1.95 indicates approximately a Z:Eratio of 80:20 which is supported by GC-MS analysis
on a Varian factorFOUR vf-23ms column. The obtained crude product was used in the next step without further purification.
Methyl (Z)-4-undecenoate

(Z)-4-Undecenoic acid (0.547 g, 2.97 mmol) from
above was dissolved in methanol (15 mL) and 7
drops of concentrated H2SO4 were added followed by
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heating at 70 °C over night. The mixture was allowed
to reach room temperature and the methanol was
evaporated and the remaining crude product was
dissolved in Et2O (15 mL). The organic phase was
washed with H2O (3 x 10 mL) and brine (2 x 10 mL),
dried over Na2SO4 (anhydr.) and solvent evaporated
resulting in 0.547 g of a yellow oil (92.8 % yield).
GC-MS (FactorFour vf-23ms) shows a Z:E-ratio of
80:20. 1H-NMR(CDCl3): 5.4 (m, 2H), 3.67 (s, 3H),
2.3 (m, 4H), 2.03 (q, J = 6.5 Hz, 1.6H, Z-isomer),
1.96 (q, J = 6.5 Hz, 0.4H, E-isomer), 1.33–1.21 (m,
8H), 0.89 (t, J = 6.5 Hz, 3H) ppm (no data found in
the literature). 13C-NMR(CDCl3): 134.2, 119.9, 32.3,
31.9, 29.5, 29.3, 27.43, 22.7, 14.1 ppm. 13C-NMR
data similar to reported (Bus et al. 1976). Proton
NMR shows a 80:20 Z:E-ratio between the diastereomers. Enrichment of the Z-isomer on AgNO3 (10 %)
impregnated silica resulted in 63 mg of 98.6:1.4 Z:Eratio according to GC-FID analysis on the vf-5 column as the diastereoisomeric purity was not possible
to measure when using 1H-NMR.
(Z)-4-Undecenol

Methyl (Z)-4-undecenoate (63 mg, 0.32 mmol) was
dissolved in Et2O (5mL) and LAH (2 spatel tips) was
added followed by stirring at room temperature for
30 minutes. HCl (2 M, 2 mL) was added to quench
the reaction and the mixture was extracted with Et2O
(2 x 3 mL), the combined organic layer was dried
over MgSO4 (anhydr.) and solvent was evaporated.
Purification with flash chromatography on SiO2 resulted in 37 mg. 1H-NMR(CDCl3): 5.43-5.32 (m,
2H), 3.67 (m, 2H), 2.16–2.10 (m, 2H), 2.08–2.02 (m,
2H), 1.69–1.60 (m, 2H), 1.39–1.22 (m, 8H), 0.89 (t,
J= 6.5 Hz, 3H) ppm. NMR-data were similar to Kim
and Hong (2011) and Davis and Carlsson (1989).
Diastereomeric purity was checked with GC-FID
before next step.
(Z)-4-Undecenal

(Z)-4-Undecenol (37 mg, 0.22 mmol) in DCM (3
mL) was added to Dess-Martin periodinane (0.140 g,
0.33 mmol) in DCM (0.5 mL). After 50 min was
NaOH (2M, 10 mL) added to quench the reaction.
The two layers was separated and the aqueous phase
was extracted with Et2O (3 x 10 mL), the combined
organic layers were washed with NaOH (2M, 10
mL), dried over MgSO4 (anhydr.) and solvent was
evaporated resulting in 30 mg of a yellow oil (81 %
yield). The crude product was purified with Kugelrohr distillation at bp 65–70 °C (1.6 mbar), resulted in 17 mg. 1H-NMR(CDCl3): 9.77 (s, 1H), 5.48–
5.22 (m, 2H), 2.47 (t, J = 7 Hz, 2H), 2.37 (q, J = 7
Hz, 2H), 2.04 (q, J = 7Hz, 2H), 1.37–1.23 (m, 8H),
0.88 (t, J = 7 Hz, 3H) ppm. 13C-NMR(CDCl3): 202.1,
131.8, 127.0, 43.9, 31.8, 29.5, 29.0, 27.2, 22.6, 20.1,
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14.1 ppm. Both 1H- and 13C-NMR data were in accordance with published results (Wenkert et al. 1985,
Snowden et al. 2011). Analysis on GC-MS (FactorFour vf-23ms) resulted in a 98.6:1.4 Z:E-ratio, the Eisomer could not be detected by 1H-NMR.
(E)-4-Undecenoic acid

4-Pentenoic acid (0.5 g, 5 mmol) and 1-octene (2.8 g,
25 mmol) was dissolved in DCM (50 mL) and
Grubbs II catalyst (85 mg, 0.1 mmol) was added and
the reaction was refluxed. After 7 h was a second
portion of Grubbs II catalyst (85 mg, 0.1 mmol) added and the reaction refluxed for 16 h. Reaction was
allowed to reach room temperature and the solvent
was evaporated. The obtained crude product was
dissolved in Et2O (50 mL) and filtered through a
short pad of silica gel. The product was purified with
flash chromatography by gradient elution (0–100 %
EtOAc in c-hexane followed by 0–10 % EtOH in
EtOAC) resulting in 0.52 g oil (56 % yield). 1HNMR(CDCl3): 5.51–5.33 (m, 2H), 2.41 (q, J = 7 Hz,
2H), 2.32 (q, J = 7 Hz, 2H), 2.04 (q, J = 6.5 Hz, 0.25
H, Z-isomer), 1.97 (q, J = 6.5 Hz, 1.75H, E-isomer),
1.37–1.22 (m, 9H), 0.88 (t, J =7.5 Hz, 3H) ppm. The
relation between proton at 2.04 and 1.97 reveals a
87.5:12.5 E:Z-ratio. The isolated product was used in
the next step without further purification.
Methyl (E)-4-Undecenoate

(E)-4-Undecenoic acid (0.52 g, 2.82 mmol) was dissolved in methanol (25 mL) and a catalytic amount
H2SO4 was added and the mixture was refluxed over
night. After evaporation of the solvent the crude
product was dissolved in Et2O (10 mL) and washed
with H2O (20 mL). The aqueous phase was extracted
with Et2O (2 × 25 mL), the combined organic layer
was washed with H2O (20 mL) and brine (20 mL),
dried over MgSO4 (anhydr.) and evaporation of solvent resulted in 0.439 g (78 % yield). 1HNMR(CDCl3): 5.51–5.33 (m, 2H), 3.67 (s,3H), 2.40–
2.27 (m, 4H), 1.96 (q, J = 6.5 Hz, 2H), 1.38–1.21 (m,
8H), 0.88 (t, J = 6.5 Hz,3H) ppm. Purification with
flash chromatography resulted in 0.401g (71.7 %
yield). GC-FID showed the same stereoisomeric ratio
as for the acid above.
(E)-4-Undecen-1-ol

LiAlH4 (0.055 g, 1.46 mmol) was added to methyl
(E)-4-undecenoate (0.145 g, 0.73 mmol) dissolved in
Et2O (5 mL). After 30 minutes was HCl (2 M, 5 mL)
added to quench the reaction. The acidic water phase
was extracted with Et2O (3 × 10 mL) and the combined organic layers were dried over MgSO4 (anhydr.) and evaporation of solvent resulted in 0.104 g
(99 % yield). Enrichment of the E-isomer with medium pressure liquid chromatography (MPLC) on Ag-

NO3 (10% impregnated) silica resulted in 30 mg of a
clear oil (>99.8 % E). 1H-NMR(CDCl3): 5.43 (m,
2H), 3.65 (m, 2H), 2.08 (q, J = 7 Hz, 2H), 1.97 (q, J
= 7 Hz, 2H), 1.63 (pent, 2H), 1.35–1.21 (m, 9H),
0.88 (t, J = 6.5 Hz, 3H) ppm. 13C-NMR(CDCl3):
134.4, 131.3, 129.4, 62.6, 32.6, 32.5, 31.7, 29.6, 29.5,
28.9, 28.8, 22.6, 14.1 ppm. All NMR-data were in
accordance with previous published data (Pearson et
al. 2000).
(E)-4-Undecenal

Dess-Martin Periodinane (0.110 g, 0.26 mmol) was
added to (E)-4-undecen-1-ol (0.030 g, 0.22 mmol) in
DCM (4 mL). NaOH (2 M, 10 mL) was added after 1
h to quench reaction. The aqueous phase was extracted with Et2O (3 × 10 mL) and the combined organic
layers were dried over MgSO4 (anhydr.) and evaporation of the solvent resulted in 30 mg (98 % yield).
Purification of the crude with Kügelrohr distillation
at 65 °C (2 mbar) resulted in 10 mg of product (33 %
yield, 97 % chemical purity, 3 % undecenal). 1HNMR(CDCl3): 9.76 (t, J = 1.5 Hz, 1H), 5.50–5.36
(m, 2H), 2.48 (d of t, J = 7.5, 1.5 Hz, 2H), 2.33 (q, J
= 7 Hz, 2H), 1.97 (q, J = 6.5 Hz, 2H), 1.32–1.19 (m,
8H), 0.87 (t, J = 6.5 Hz, 3H). 13C-NMR (CDCl3):
202.5, 132.2, 127.6, 43.6, 32.5, 31.7, 29.4, 28.8, 25.2,
22.6, 14.1. The NMR-data were in accordance with
published data (Pearson et al. 2000, Snowden et al.
2011).

reoisomeric purity. Esterification under acidic conditions with sulfuric acid in methanol resulted in 80 %
Z-isomer and a 93 % yield over two steps. Stereoisomeric purity was controlled with NMR and GCFID by comparing analysis for acid and ester, the
appearance of a small quartet, in the NMR spectra, at
1.96 indicates the presence of E-isomer. Gas chromatographic separation on a polar Varian factorFOUR
vf-23ms of Z- and E-ester proved that the stereochemistry was not affected by the acidic conditions
during esterification. Methyl (Z)-4-undecenoate was
purified on regular silica gel and on silver nitrate
impregnated silica gel to obtain a purity of 98.6 %.
Methyl-(Z)-4-undecenoate was reduced to (Z)-4undecenol with lithium aluminum hydride in diethylether and oxidized to (Z)-4-undecenal with DessMartin periodinane in dichloromethane.
A modified version of Virolleaud´s (Virolleaud et
al. 2006) metathesis was used to produce the (E)-4undecenoic acid and in a 56 % yield (87.5% of the Eisomer). (E)-4-undecenoic was esterified under the
same conditions as the (Z)-acid and once again there
was no isomerisation of the double bond (according
to GC-FID and 1H-NMR. The methyl-(E)-4undecenoate was reduced to alcohol with LiAlH4 in
diethylether and purified on silver nitrate impregnated silica gel to obtain a purity of 99.8 % of the (E)isomer, which was oxidized with Dess-Martin periodinane in dichloromethane to obtain the wanted (E)4-undecenal.

Chemicals
(Z)-4-Undecenoic acid was synthesized via a modified version of Wube and Hüfner (2011) in 80% ste-
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Abstract
Specific mate recognition drives speciation and biodiversity. Premating communication channels
evolve during adaptation to ecological niches and consist of habitat and social cues. In insects, olfaction is instrumental in mate finding, and the interaction of sex and habitat olfactory signals is a
current research theme. In Drosophila, genetic control over odorant receptors (ORs) and neural circuits facilitates investigations of key olfactory stimuli that instruct innate reproductive behaviour.
We show that a blend of male-produced sex pheromone, cis-vaccenyl acetate (cVA), and vinegar
strongly enhances long-range attraction of female flies. This synergistic interaction between cVA
and vinegar is sexually dimorphic; only females are attracted. Vinegar is probably a suboptimal
stimulus, released from over-fermented fruit. Volatile metabolites released from live yeast colonies,
on the other hand, better signal aggregation and oviposition sites. A blend of yeast volatiles and
cVA strongly attracts males and females. In comparison, the newly identified female sex pheromone (Z)-4-undecenal attracts more males than females, when blended with vinegar. As with cVA,
both sexes are attracted when yeast replaces vinegar headspace.
Sex-specific synergism between sex pheromones and food volatiles, eliciting strong upwind
flight attraction is a novel behavioural paradigm that enables the identification of OR genes tuned
to yeast metabolites, signalling mating and oviposition sites. Tracing OR genes mediating sex-food
interactions through Drosophila phylogenies and host associations will substantially contribute to
speciation biology research.
Keywords: pheromone, food, semiochemicals, mate-finding behaviour, specific mate recognition

Introduction
Olfactory communication is essential in mate recognition. In insects associated with specific host plants
or occupying narrow food niches, communication
channels comprise social and habitat signals. Studying the adaptation of olfactory receptor (OR) genes
to sex pheromones and host food volatiles in lineages occupying distinct niches will reveal the role of
olfactory signals during speciation (Smadja &
Butlin, 2009). A foremost goal is therefore to identify and behaviourally characterize the signals mediating specific mate recognition.
The common fruit fly, Drosophila melanogaster, is a
model organism in olfactory research. ORs, providing
an interface with the odorants filling the air, as well as
the neural circuitry generating reproductive behaviour
are accessible to investigation via genetic manipulation
(Auer & Benton, 2016; Kohl et al., 2015; Laturney &
Billeter, 2013). Furthermore, the genomes of a range of
species are available and enable phylogenetic studies
(Clark et al., 2007).
Sex pheromones trigger a sequence of stereotyped,
innate behaviours and therefore are a focus of neuro-

physiological research in Drosophila (DepetrisChauvin et al., 2015; Greenspan & Ferveur, 2000). The
male produced pheromone, cis-vaccenyl acetate
(cVA), was first identified 30 years ago (Bartelt et al.,
1985). Meanwhile, processing of cVA response in
sexually dimorphic neural pathways has been mapped
from antennal input to third-order neurons in the lateral
horn, generating gender-specific courtship behaviour
(Clowney et al., 2015; Kohl et al., 2013). Although
food odours act as aphrodisiacs and promote courtship
in D. melanogaster (Grosjean et al., 2011), a prominent synergistic effect of vinegar on cVA has only
been shown recently (Lebreton et al., 2015).
Vinegar has traditionally been used as food and habitat cue in fruit fly research, although vinegar headspace
is a blend of compounds that varies greatly between
makes and types. Over-ripe fruit, on the other hand, is
a feeding, mating, and larval development site for fruit
flies. Moreover, it has been shown that yeast, and the
volatiles produced by yeast growing on fruit are responsible for eliciting D. melanogaster attraction
(Buser et al., 2014; Christiaens et al., 2014; Becher et
al., 2012).
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In order to unravel the biological significance of
fermentation products on the social behaviour of D.
melanogaster we studied the effect of blending vinegar
and yeast headspace with both cVA (which activates
the sexually dimorphic fruitless circuit) and the newly
discovered female produced pheromone, (Z)-4undecenal (Z4-11Al), which is outside the fru circuit
(Lebreton et al., in prep; manuscript V).
Our results show that blends of vinegar and male or
female sex pheromone produce sex-specific attraction,
while yeast headspace in combination with pheromone
equally attracts both sexes. This is the solid behavioural paradigm that enables the unambiguous identification of yeast metabolites, which, together with sex
pheromones, define the specific mate communication
channel of Drosophila.

Methods
Insects
The wild type Dalby strain of D. melanogaster (Dalby,
Sweden) was reared in 30-ml Plexiglas vials on a
standard sugar-yeast-cornmeal diet at room temperature (20–24°C), under a 8:16 h L: D photoperiod. Newly eclosing, unmated flies were separated by sex into
new vials with fresh diet, where they were kept until
used in experiments.
Headspace collections
Brewer's yeast, Saccharomyces cerevisiae (strain
S288C), was grown in minimal media (Merico et al.,
2007) during 20 h in a shaking incubator at 25oC and
260 RPM. After 20 h, 50 ml was transferred to a wash
bottle and charcoal filtered air was bubbled through it
at a rate of 200 ml/min. Yeast headspace was trapped
in 4x40-mm glass tubes holding 300 mg of Porapak Q
50/30 (Waters Corporation, Milford, Ma, USA) during
2 h (Becher et al., 2012). Air filters were eluted with
1.2 ml of redistilled ethanol (Labscan). The eluate was
sprayed during 2 h of wind tunnel experiments. Headspace was collected during a total of 8 h/day (24 h
fermentation ± 4h) for 4 days and pooled. White wine
vinegar (Zeta, organic, 7.1%) headspace was collected
using the same method.
Wind tunnel bioassay
Upwind flight attraction was observed in a glass wind
tunnel (30 x 30 x 100 cm). The wind tunnel was lit
diffusely from above, at 13 lux, temperature ranged
from 20oC to 24oC, relative humidity from 38% to 48%
and charcoal filtered air, at a velocity of 0.25 m/s, was
produced by a fan (Fischbach GmbH, Neunkirchen,
Germany). Odours were delivered from the centre of
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the upwind end of the wind tunnel via a piezo-electric
micro-sprayer (Lebreton et al., 2015).
Forty flies were flown individually to each treatment.
Flies were scored when flying upwind over 80 cm in
the wind tunnel towards the odour source. Unmated,
fed, three-day-old males and females were flown towards yeast and vinegar headspace and their blends
with Z4-11Al sprayed at 10 ng/min; (Lebreton et al.
unpubl.) and cVA at 300 ng/min (Lebreton et al.,
2015).
Statistical analysis
Generalized linear models (GLM) with a Bernoulli
binomial distribution were used to analyse behavioural
data. Upwind flight and sex were used as the target
effects. Post-hoc Wald pairwise comparison tests were
used to identify differences between treatments. All
statistical analysis was carried out using R (R Core
Team, 2013).

Results
Yeast headspace attracted significantly more fed males
and females than vinegar headspace (Figure 1a). Maleproduced sex pheromone cVA by itself attracted few
flies, however, blends of cVA and vinegar are highly
attractive to females (Figure 1b). The blend of cVA
and yeast headspace shows a strong synergistic effect
on male attraction. Although females are more attracted to the blend of yeast and cVA than to yeast headspace by itself, this difference was not significant (Figure 1b).
Both male and female D. melanogaster are strongly
attracted to Z4-11Al. Blending vinegar with Z4-11Al
significantly reduces attraction in both sexes. Although
the blend of yeast headspace and Z4-11Al is significantly more attractive to both sexes than yeast headspace alone, the blend is not more attractive than just
Z4-11Al (Figure 1c).

Discussion
The fruit fly, D. melanogaster, has been a model organism in speciation and genetics since the establishment of the Fly Room by Thomas Morgan Hunt in
1910. Since then, and with the discovery of olfactory
receptors (Buck & Axel, 1991) it has also become a
model in chemosensory biology and neurobiology.
Chemicals signals are well known to contribute to the
development of prezygotic barriers in insects due to the
use of species-specific pheromones which mediate
mate finding (Smadja & Butlin, 2009). Sensory signals, such as these, are the basis of specific-mate
recognition systems (SMRS), which have been suggested to play a large role in the speciation of drosophilids (Paterson, 1980). SMRS evolve during adapta-

tion to ecological niches and therefore comprise specific habitat and mate signals, reflecting the interaction of
natural and sexual selection during speciation (Safran
et al., 2013; Servedio et al., 2011; Paterson, 1985)
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Figure 1. Odour-mediated upwind flight attraction of fruit fly
Drosophila melanogaster males (blue bars) and females (pink
bars) to (a) vinegar and yeast headspace, (b) male sex pheromone
cVA, (c) female sex pheromone Z4-11Al, alone and blended with
vinegar or yeast, respectively. Letters of the corresponding colours show differences between treatments using Wald pairwise
comparisons. Black asterisks represent treatments where there are
significant differences between sexes.

Pheromones trigger a sequence of innate behaviours
that range from long-range flight attraction to courtship
and mating. Pheromone divergence in Drosophila has
also been shown to mediate sexual isolation
(Greenspan & Ferveur, 2000). The most studied fruit
fly pheromone is the male-produced sex pheromone
cVA. Its physiological effect has been mapped from a
dedicated OR to third order neurons in the mushroom
bodies and lateral horn that generate a series of sexual-

ly dimorphic behaviour (Clowney et al., 2015; Kohl et
al., 2013).
Equally important for fly reproductive behaviour are
chemicals produced by fermenting yeast. Although the
ecological importance of yeasts in fruit fly biology has
been known for a hundred years (Baumberger, 1917;
Carson et al., 1956; Dobzhansky et al., 1956) it has
received little attention in olfactory research until recently (Venu et al., 2014; Palanca et al., 2013; Becher
et al., 2012). Although the role of cVA in mediating
close-range aggregation and courtship is well established (Duménil et al., 2016; Ejima, 2015), it is surprising that the strong synergistic effect between yeast
odours and cVA on long-range attraction of D. melanogaster has not been shown. This effect of cVA may
have been ignored due to the fact that cVA by itself
does not elicit long-range attraction, whereas the blend
with yeast odours and cVA does. Interestingly, while
the blend of cVA and yeast strongly attracts both males
and females, the blend of cVA and vinegar is only
attractive to females. Vinegar releases volatiles that
signal fermentation endpoint and mature yeast colonies. Although the ecological significance of vinegar
and yeast to fruit flies remains unclear, our results
clearly show that the two are not synonymous, although they are chemically similar (Becher et al., 2012,
2010).
Attraction to blends of Z4-11Al and vinegar, and Z411Al and yeast further corroborates the discrepancy
between yeast and vinegar. Although Z4-11Al by itself
does not modify attraction to yeast volatiles, the blend
with vinegar reduces attraction in a sexually dimorphic
fashion. Since Z4-11Al is perceived by receptors that
also respond to yeast volatiles (Lebreton et al., in prep)
it is likely that it is being interpreted as a yeast volatile.
As such, the blend of vinegar and Z4-11Al may be
being interpreted as a fruit in an advances state of decay, without any previous colonization, which would
signify a low quality host.
Vinegar is chemically ill defined and its composition
varies, nonetheless it serves as a standard stimulus in
leading-edge neurophysiological studies (Lebreton et
al., 2015; Kohl et al., 2013; Grosjean et al., 2011).
Discriminating the chemical signals of fermentation
that signal adult and larval food, and oviposition sites
remains a challenge. However, the genetic tools available for both D. melanogaster and S. cerevisiae, which
allow knocking out ORs and metabolic pathways,
along with behavioural assays that test for longdistance attraction will help to decipher the role of
fermentation in the biology of D. melanogaster.
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