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Key Odorants Regulate Food
Attraction in Drosophila
melanogaster

Thomas Giang?, Jianzheng He, Safaa Belaidi* and Henrike Scholz*

Department of Biology, Albertus-Magnus University of Cologne, Cologne, Germany

In insects, the search for food is highly dependent on olfactory sensory input. Here, we
investigated whether a single key odorant within an odor blend or the complexity of the
odor blend influences the attraction of Drosophila melanogaster to a food source. A key
odorant is defined as an odorant that elicits a difference in the behavioral response when
two similar complex odor blends are offered. To validate that the observed behavioral
responses were elicited by olfactory stimuli, we used olfactory co-receptor Orco mutants.
We show that within a food odor blend, ethanol functions as a key odorant. In addition to
ethanol other odorants might serve as key odorants at specific concentrations. However,
not all odorants are key odorants. The intensity of the odor background influences the
attractiveness of the key odorants. Increased complexity is only more attractive in a
concentration-dependent range for single compounds in a blend. Orco is necessary to
discriminate between two similarly attractive odorants when offered as single odorants
and in food odor blends, supporting the importance of single odorant recognition in odor
blends. These data strongly indicate that flies use more than one strategy to navigate to
a food odor source, depending on the availability of key odorants in the odor blend and
the alternative odor offered.

Keywords: Drosophila melanogaster, food odor, key odorants, Orco, odor background intensity, ethanol

INTRODUCTION

Like other insects, Drosophilidae Drosophila melanogaster meigen 1830 searches for food using the
olfactory system. In natural environments, a putative food source such as a fruit emits multiple
volatile compounds with varying concentrations and compositions. For example, the smell of an
apple contains more than 100 different volatile compounds (Ferreira et al., 2009). This bouquet
changes in composition and complexity during ripening and is characteristic of specific maturity
states (Mehinagic et al., 2006). Microorganisms contribute their own specific smells to the fruit
odor blend. Yeast settles on the surface of the fruit and emits high levels of ethyl acetate (EtOAc)
and—as a byproduct of anaerobic metabolism of the fruit sugars—increasing concentrations of
ethanol (Alves et al., 2015). Acetobacter sp. converts ethanol into acetic acid (AA; Rao and Stokes,
1953). The smell of ethanol is characteristic of a fermenting apple (Zhu et al., 2003). Ethanol
appears to have a specific biological significance for the flies; flies are more attracted to ethanol-
containing food odors than odors without ethanol (Schneider et al., 2012). At the food source,
they prefer to feed on ethanol-enriched food possibly due to its caloric value (Pohl et al., 2012)
and/or intoxicating effect (Devineni and Heberlein, 2013). In addition to food intake, ethanol-
enriched food sources are also preferred as oviposition sites (Eisses, 1997; Azanchi et al., 2013).
The attraction of flies to ethanol-containing food odors raises the question of whether the smell
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of ethanol might serve as a key odorant that attracts Drosophila
melanogaster to a fermenting food source.

The olfactory system of the fly detects and discriminates
between different odor blends. Defining the significance of odor
information for the animal requires the linkage of olfactory
input with internal requirements. Depending on environmental
cues and the internal condition, the fly responds with approach,
avoidance or indifference. An observed indifference might reflect
the meaninglessness of the odor information or a balance
between information from two conflicting odors. Although
a single odor-specific receptor is expressed in one olfactory
receptor neuron (ORN), complex odor blends are most likely
not detected based on every single odorant identity. ORNs
housing odor specific receptors respond to multiple ligands,
and most single odor molecules activate multiple receptor
neurons (Wilson, 2013). Therefore, the question arises as
to how animals differentiate between two similar food odor
blends.

At least three mechanisms might allow the fly to distinguish
between similarly complex food odor blends. First, the behavioral
response to a food odor is elicited by a key odorant within the
blend. Here a key odorant is defined as an odorant that elicits a
behavioral difference in a comparative situation. In Drosophila
melanogaster, odorants that might function as key odorants are
compounds of specific biological significance to the fly (Joseph
and Carlson, 2015). Second, the complexity of the odor mixture
influences its attractiveness. Single odorant compounds from
overripe mangos, such as ethanol, AA and phenylethyl acetate,
are less attractive than a blend of all three compounds (Zhu
et al., 2003). When given the choice between single odorants
and a mango-apple food odor blend, flies are more attracted
to the complex food odor (Schneider et al., 2012). Third, the
fly senses the valences of the single odorants within the blend
and evaluates how attractive an odor blend is by adding the
valences (Thoma et al., 2014). For example, a walking fly is
more attracted to a binary odorant mixture of two similarly
attractive odorants than to each odorant separately (Thoma et al.,
2014).

First, we investigated whether ethanol and other odorants
serve as putative key odorants in food odor blends. By analyzing
the behavioral response of Orco mutants, we determined
whether the odorant is recognized based on an Orco dependent
mechanism. Second, we addressed whether an increase in odor
blend complexity is always more attractive to the flies. We
determined the valence of single odorants and analyzed whether
combinations of these single odorants are more attractive than
the single odorant itself. Finally, we analyzed the effect of a
complex odor background on single-odorant attraction. We
show that the attractiveness of an odor blend depends on the
presence of key odorants and single compound concentrations
rather than increased complexity. For differentiation between
two similarly complex food odors, key odorants are required,
since Orco mutants fail to distinguish between similarly
complex food odors. The presence of key odorants correlates
with the biological significance of the compound. Finally, the
concentration of the odor background changes the attractiveness
of the key odorant.

MATERIALS AND METHODS

Drosophila melanogaster Stocks

Flies were raised on ethanol-free standard
cornmeal/molasses/yeast/agar medium at 25°C and 60% relative
humidity under a 12 h light/12 h dark cycle. The following lines
were used: w!'18; Orco! (Larsson et al., 2004); w*; Orco-GAL4 [Bl
#26818] and w*; UAS-Orco [Bl#23145] from the Bloomington
Drosophila Stock Center. All strains were backcrossed to w!!!8
(Scholz lab) for at least five generations.

Odor Compounds and Blends

The following odorants were used: ethanol (EtOH; VWR,
Germany #20821.321), EtOAc (AppliChem, #A0681), AA
(VWR, Germany #20104.298) and acetophenone (AP; SIGMA-
ALDRICH, #00790). For every experiment with single
odorants, odorants were freshly mixed with distilled water
at room temperature. Apple-mango juice (Alnatura, Germany
GTIN: 4104420071841) was used as the food odor. Various
concentrations of single compounds were mixed with the juice.
0.001% Tween-20 was added to EtOAc and AP solutions to
reduce surface tension. When Tween-20 was used, it was added
to both odor traps.

Odor/Odorants Attraction Assay

To determine the attractiveness of an odor, a binary choice trap
assay was used (Ogueta et al., 2010). Briefly, 50-80 1-to-3-day-old
male flies were collected under CO, sedation in less than 5 min
and kept at 25°C for 2 days for recovery. The 3-to-5-day-old flies
were introduced into a beaker containing two odor traps at 25°C
and 60% relative humidity. After 16 h, the number of flies in
the odor traps was determined. A preference index (PI) was only
calculated when more than 95% of all tested flies made a decision
and entered a trap, otherwise the experiment was discarded. A PI
was calculated as follows: PI = (#5 — #g)/total number of flies that
entered odor traps, where #, and #p indicate the fly numbers in
trap A and B, respectively. The letter N indicates the number of
different fly groups tested. PI values differ between 1 and - 1; a
positive Pl indicates attraction, whereas a negative value indicates
aversion.

Statistical Analysis

Significant differences between two normally distributed data
were determined with Student’s ¢-test. For more than two groups,
the ANOVA combined post hoc Tukey’s honest significant
difference (HSD) test was used. The one-sample sign test was
performed to test whether attraction differed from random
choice. The values are reported as the means &= SEM. Statistical
analysis was performed using STATISTICA (Version 7.1)!.

RESULTS

To analyze the significance of naturally occurring odors for
the behavioral response of flies, we used a binary choice assay
consisting of two odor traps. When given a choice between food
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odors and EtOH-enriched food odors, flies are more attracted
to EtOH-containing food odor in a dose-dependent manner
(Ogueta et al., 2010; Schneider et al., 2012; Figures 1A,B). They
prefer low naturally occurring EtOH concentrations and avoid
high EtOH concentrations.

Orco-Dependent Attraction to
EtOH-Enriched Food Odors

Ethanol-enriched food sources are preferred for their caloric
value (Pohl et al., 2012) and/or intoxicating effect (Kaun et al.,
2011). To ensure that the analyzed behavioral response, i.e., the
attraction to an odor, is indeed due to the response of an
olfactory stimulus and not the motivation to obtain calories
or to be intoxicated, we used Orco! mutants with altered odor
perception. Orco interacts with the odor-specific receptor and
facilitates the functional expression of odor-specific receptors in
the olfactory sensory neurons (OSNs) required for single-odor
detection (Larsson et al., 2004; Benton et al., 2006). Orco'
mutants fail to show attraction to 5% EtOH-containing food
odors (Schneider et al., 2012). Here, we extended the analysis
to concentrations ranging from 3% to 23% EtOH (Figure 1B).
As expected, in contrast to control flies, Orco! mutants are
not attracted to low ethanol concentrations (3%-5% EtOH).
At high EtOH concentrations, Orco' and control flies show a
similar degree of aversion. Our results is consistent with previous
findings that olfactory attraction to EtOH is concentration-
dependent (Ogueta et al.,, 2010) and suggest that attraction to

low EtOH levels is mediated by an Orco-dependent mechanism
(Schneider et al., 2012). Aversion to high EtOH concentrations
is Orco-independent. To confirm that the loss of attraction is
indeed due to loss of Orco function in OSNs, we restored Orco
function in Orco' mutants using the Orco-Gal4 driver (Larsson
et al., 2004; Figure 1C). Expression of Orco in the OSNs restores
the loss of EtOH attraction in Orco! mutants. Thus, the detection
of EtOH within a food odor blend, resulting in attraction,
requires Orco function in the OSNs.

Key Odorant Function at Low Odor

Concentrations

Next, we tested whether other odorants might serve as a
key odorant among food odors (Figure 2). We used different
classes of naturally occurring odorants, including EtOAc,
AA and aromatic AP, at different concentrations. Control
flies show concentration-dependent attraction to EtOAc- and
AA-containing food odors (Figures 2A,B) but fail to show
attraction to AP-containing food odors (Figure 2C). High
concentrations of EtOAc-, AA- and AP-containing food odors
are aversive (Figures 2A-C). To test whether Orco is also
required for single odor recognition within a food odor blend,
we next examined whether Orco! mutants distinguish between
a food odor and a food odor with different concentrations
of EtOAc, AA and AP (Figure 2; Supplementary Figure SI).
Orco! mutants are still attracted to EtOAC or AA in food odor
mixtures; however, the threshold to respond with attraction
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FIGURE 1 | Orco requirement for attraction to EtOH enriched food odor. (A) Flies are allowed to choose for 16 h inside the olfactory binary choice trap assay
consisting of two odor traps. The attractiveness is determined by the fly number in one trap minus the fly number in the other trap compared to the total number of
flies that entered odor traps. (B) The control and Orco' mutant flies were tested for their attraction to EtOH-enriched food odors with different concentrations
(0%—-23%) compared to food odor (N = 17-41). The stars indicate significant differences between w''"® and Orco' as determined by Student’s t-test (P < 0.05).
(C) The loss of EtOH attraction in Orco' mutants was restored by Orco transgene expression in an Orco-Gal4 dependent manner (N = 28-43). The letter a indicates
significant differences from random choice as determined by the one-sample sign test (P < 0.05); here the stars indicate significant differences as determined by
ANOVA post hoc Tukey’s honest significant difference (HSD) analysis (P < 0.05).
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FIGURE 2 | Dose-dependent attraction to ethyl acetate (EtOAc)-, acetic acid (AA)- and acetophenone (AP)-containing food odors. Dose-response curve for different
(A) EtOAc, (B) AA and (C) AP concentrations in food odors compared to food odors for control flies and Orco' mutants for EtOAc (N = 17-48; for AA: N = 13-22;
for AP N = 16-27, respectively). (A’-C’) A polynomial analysis of the data presented in (A-C) of w'"'8 (light gray line) and Orco’ flies (dark gray line) reveals
differences in the kinetics of odor attraction for (A’) EtOAc, (B’) AA and (C’) AP. The letter a marks differences from random choice as determined by a one-sample
sign test (P < 0.05). The stars indicate significant differences as determined by Student’s t-test (P < 0.05).
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shifts to a higher concentration. Control Orco' mutants do not
show attraction to AP-containing food odors. In Orco! mutants,
higher EtOAc, AA and AP concentrations are less aversive
(Figures 2A-C). To obtain better resolution of Orco function in
odorant detection, we applied a polynomial analysis to the data
(Figures 2A’-C'). The analysis supports a shift of attraction to
higher concentrations for EtOAc and a reduced sensitivity for
AA (Figures 2A’,B’) and indicates that Orco enhances sensitivity
to detect EtOAc and AA in complex food odor blends. Orco?
mutant flies do not show a shift in attractiveness to higher
concentrations of AP (Figure 2C’) and are less averse to high
concentrations of AP in food odors. Normally, flies do not
respond with attraction to increasing concentrations of AP. Orco
enhances the detection of aversive AP concentrations.

Orco Independent Mechanism of Single

Odorant Detection

The observed attraction to EtOAc and AA in Orco! mutants
suggests that Orco! mutants still sense these odors based
on an Orco-independent mechanism. To investigate whether
an Orco-independent mechanism exists in EtOAc and AA
detection, we investigated whether Orco! mutants still recognized
the single odorants of EtOAc and AA independent of the food
odor context. Flies chose between a single odorant of EtOAc, AA,
EtOH or AP and humidified air at similar concentrations that
elicit attraction in food odors (Figure 3). Control flies are more
attracted to EtOH, AA and EtOAc at all tested concentrations
and to AP at 0.0005% and 0.005%. Flies show aversion to 0.05%
AP. A similar concentration of AP was also aversive when present
in food odor blends (see Figures 2C, 3). In contrast to controls,
Orco' mutants are not attracted to 0.0025% EtOAc, consistent

0.8

0.6 @ Orco'
a x

Single odor
o
=N
Q
)

2
o

H,0

5% | 0.125% 1.25% |0.0025% 0.25% |0.0005% 0.005% 0.05%
EtOH AA EtOAc AP

-0.8

FIGURE 3 | Attraction to single odorants in Orco' mutants. The w'''® flies are
more attracted to single odorants than water. Orco' mutants behave similar to
controls for most tested odorants, except for 0.0025% EtOAc and 0.005%
AP, where no attraction was observed (N = 13-37). Control flies and mutants
show aversion to 0.05% AP (N = 26, 22). Significant differences from random
choice was determined by the one-sample sign test and are indicated by the
letter a (P < 0.05), whereas the stars indicate differences between control and
mutant flies at the same concentration as determined by the Student’s t-test
(P < 0.05).

with the idea that the detection of low concentrations of EtOAc
in food odors is due to an Orco-dependent mechanism. At
higher EtOAc concentrations Orco' mutants show attraction to
EtOAc, suggesting that the detection of higher EtOAc is Orco-
independent. Orco! mutants are still attracted to EtOH, AA and
AP at low concentrations. Similar concentrations do not result in
attraction when presented in food odor blends (Figure 3). These
results indicate that attraction to EtOH, AA and AP is not only
based on Orco dependent mechanism.

Relative Attractiveness of Single Odorants
To further investigate whether the identity of single odorants
influences the choice of a fly when two similar attractive odorants
are offered, we first determined whether flies distinguish between
two similar attractive odorants (Figure 4). In the choice situation,
we used EtOH, AA, EtOAc and AP at concentrations that
elicited similar preference indices ranging from 0.2 to 0.3 when
offered in comparison to humidified air (Figure 3). Control
flies are more attracted to AA, EtOAc and AP than 5% EtOH
(Figure 4A). They show a higher attraction to 0.0005% AP than
AA or EtOAc (Figure 4B) and a higher attraction to 0.125%
AA than to 0.25% EtOAc (Figure 4C). When comparing the
single odorants combinations with each other, the attractiveness
for different odorants can be ranked. For control flies, AP is
the most attractive, and EtOH is the least attractive odorant
(0.0005% AP > 0.125% AA > 0.25% EtOAC > 5% EtOH). The
preferential attraction for any tested odorant pair was missing
in Orco' mutants (Figures 4A-C). Therefore the comparison
between two odorants depends on the recognition of an Orco
dependent mechanism and the valence of the single odorants
changes compared to the alternative.

Influence of Odor Complexity on

Attractiveness

We have shown that in a choice situation 5% EtOH containing
food odors are more attractive than food odors without EtOH
(Figure 1). The question arise whether 5% EtOH is detected
based on its identity within the food odor blend or increase of
complexity in the food odor blend. Normally flies prefer a food
odor blend over 5% EtOH. This attraction increases when 5%
EtOH is added to the food odor and this increase is not observed
in Orco! mutants although these mutants still prefer food odors
over 5% EtOH (Schneider et al., 2012). These observations
indicate that flies normally detect 5% EtOH in food odor blend
based on their identity or alternatively due to an increase in odor
complexity.

To investigate the influence of odor complexity on the
attractiveness of two different odors, flies were offered a choice
between different concentrations of AA or EtOAc and food
odors. We observed three classes of responses. First, flies are
more attracted to food odors when comparing 1.25% AA or
0.25% EtOAc to food, consistent with the expectation that
more complex odor blends are more attractive. Second, flies are
indifferent when the food odors is offered in comparison to a
single odorant like 0.125% AA. Third, a single odorant is more
attractive than the food odor (Figure 5D). Control flies prefer
0.0025% EtOAc over food odor, but find 0.25% less attractive
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FIGURE 4 | Relative attractiveness of single odorants. (A) Control flies are more attracted to 0.125% AP, 0.25% EtOAc and 0.0005% AP than 5% EtOH, but there
are no observed differences between the odorant pairs for Orco' mutants (N = 12-18). (B) Compared with 0.0005% AP, flies are averse to AA and EtOH, whereas
Orco' flies are indifferent (N = 16-27). (C) Flies prefer AA over EtOAc, and both odorants are equally attractive for Orco! mutants (N = 20, 25). A significant difference
from random choice is labeled with the letter a as determined by the one-sample sign test (P < 0.05) and differences between controls and Orco' flies are labeled
with stars as determined by Student’s t-test (P < 0.05).

than food (Figures 5D,E). The last class of responses shows that a
single odorant can be more attractive than a complex odor blend,
and the attractiveness of the single odorant in a choice situation
depends on the single odorant concentration.

To further investigate the effect of increased complexity,
we added the same concentration of the single odorant to the
food odor (Figure 5). An increase in complexity should result
in an increase in attractiveness in comparison to the choice
situation if the single odorant is not contained in the food odor.
Again, we find three classes of behavioral responses. In the first
class, adding the odorant to the food odor blend increases the
attraction to the enriched food odor in comparison to the single
odorant (0.125% AA; Figure 5A). The second class is indifferent
to an increase (1.25% AA and 0.0005% AP; Figures 5B,F). In
the third class, the attractiveness of the food odor is reverted
into aversion (0.25% EtOAC; Figure 5E). The second and third
classes of behavioral responses indicate that more complex odor
blends are not necessarily more attractive and that the attraction
depends on the concentrations of single odorants within the
blend.

To analyze how much this behavioral choice is influenced
by the identity of the odorants, we analyzed Orco' mutants
in similar experiments. Orco' mutants prefer the food odor
over the single odorants in all but one case (5% AA;
Figure 5B). An increase in complexity by adding a single
odorants to the food odor did not increase the attractiveness
to food odors in four of the six tested conditions. In part,
these results are consistent with the fact that in Orcol
mutants, the identity of a single odor cannot be sensed
due to the loss of the odor specific receptor. However, the

loss of Orco-dependent specific odorants recognition cannot
account for the observed increased attractiveness when higher
concentrations of EtOAc were added to the food odor (5%
AA and 0.25% EtOAc; Figure 5E). Adding 0.25% EtOAc to
food odors in comparison to EtOAc shifts the attractiveness
of Orco' mutants to increased attraction to the EtOAc-
enriched food odors (Figure 5E). These results indicate that
an Orco independent mechanism mediates odor attraction in
addition to an Orco dependent mechanism at low odorants
concentrations.

Influence of Odor Background Intensity on
Single-Odorants Attraction

To address how food odor influences the behavioral response
to individual odorants, we offered flies a choice between a
fixed concentration of 0.25% EtOAc and 5% EtOH diluted with
different concentrations of food odors (Figure 6). Normally, flies
prefer 0.25% EtOAc over 5% EtOH, which was still the case
when both odorants were presented in a strongly diluted food
odor background. After increasing the food odor concentration,
flies reduce their attraction to 0.25% EtOAc and increase their
attraction to ethanol containing food odors. Orco! mutants
do not change their indifference toward both odor sources.
Thus, single odor discrimination depends on the intensity of
the odor background; at a certain threshold, the food odor
influences the behavioral response to the single odorants and
might change the attractiveness of the single odorants. The
discrimination between two similarly complex food odors that
differ in only one odorants depends on Orco function. In both
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FIGURE 5 | Sensing of differences between similar complex food odors. (A-F) The attraction to food odor or food odors with a specific single odorant vs. a single
odorant was compared in control and Orco' flies. The tested AA concentrations were, in (A), 0.125%, in (B), 1.25% and in (C) 5% (N = 14-23). For EtOAc,
0.00025% and 0.25% were tested in (D,E), respectively. (F) For comparison of AP and food odor with or without AP, 0.0005% AP was used (N = 16-25). Bars
labeled with a are significantly different from random choice as determined by the one-sample sign test, and stars indicate significant differences between control
and Orco' flies for a specific choice situation according to Student’s t-test (P < 0.05).

odor traps, the concentration of food odors increases equally; the
composition of the food odor does not change, but the intensity
of additional odor compounds that influence the behavioral
outcome do.

Influence of Additional Odorants on
Single-Odorant Attraction

To analyze how additional odorants influence the attractiveness
of EtOH in comparison to 0.25% EtOAc and to eliminate
the influence of food odor detection by Orco independent
mechanisms, we added different single odorants to EtOH
(Figure 7A). As shown in Figures 3, 4A, EtOAc is more attractive
than water or 5% EtOH. Adding AA to 5% EtOH does not change
the attractiveness of control flies to 0.25% EtOAc. However,
adding 0.0005% AP to 5% EtOH results in indifference to both
odor sources (Figure 7A). This indifference changes again to
attraction for EtOAc when 0.125% AA is added to the binary
mixture. Orco! mutants choose all odors equally, suggesting that

differentiation between odorant combinations depends on the
identity of the single odorant compounds. To analyze whether
the attractiveness of 0.25% EtOAc changes in comparison to 5%
EtOH when additional odorants are added to EtOAc, flies were
given the choice between EtOH and 0.25% EtOAc supplemented
with different single odorants (Figure 7B). EtOH does not
become more attractive in any of the tested combinations. Thus,
the increase in odor complexity of the blends containing EtOH
does not make the blend more attractive than the single odorants.
Again, the attractiveness of odors was evaluated based on an
Orco dependent mechanism, since Orco mutants are similarly
attracted to both odors in the combination.

To investigate whether 5% EtOH-containing binary
and tertiary odorant mixtures are also less attractive when
odorants other than EtOAc are presented, we offered different
odorant combinations with 5% EtOH in comparison to
0.0005% AP (Figure 7C). Flies are equally attracted to binary
EtOH-containing mixtures as to 0.0005% AP. Adding a third
odorant to the binary EtOH-containing odor blend does not
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change this balance. This result again suggests that an increase
in complexity does not necessarily correlate with increased
attractiveness. Orco! mutants are more attracted to AP than to
EtOH-containing tertiary mixtures.
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FIGURE 6 | Influence of background food odor concentration on single
odorant discrimination. The attraction to EtOH-enriched food odor
dependence on food odor concentration compared to EtOAc-enriched food
odors in control flies. In these different choice pairs, the concentrations of 5%
EtOH and 0.25% EtOAc were not changed. The food odors were diluted up to
1000-fold with water (0.1% food); (N = 11-21). Orco' mutant flies do not
prefer either odor mixture of the two odor pairs offered to the flies (N = 10-20).
Bars labeled with a are significantly different from random choice as
determined by a one-sample sign test (P < 0.05) and the stars indicate
significant difference between control and Orco' mutant flies using the
Student’s t-test (P < 0.05).

To analyze whether flies normally differentiate between
binary and tertiary odorant blends, we added one or two
additional odorant to 0.25% EtOAc and/or 5% EtOH (Figure 8).
Flies are still more attracted to a binary mixture containing
0.25% EtOAc than to binary mixtures containing 5% EtOH. They
were also more attracted to a tertiary mixture containing 0.25%
EtOAc than to tertiary mixtures containing 5% EtOH, but to a
lesser extent (Figure 8A). When both tertiary mixtures contain
EtOAc, flies are equally attracted to both odorant mixtures
(Figure 8B). Orco! mutants did not distinguish between all
odorant combinations. Therefore, flies still distinguish between
two tertiary odorant mixtures likely due to the identity of single
odorant compounds.

DISCUSSION

Insects such as Drosophila melanogaster use sensory information
derived from volatile odorants as important clues to search
for and select appropriate food sources (Wilson and Mainen,
2006; Chow and Frye, 2009). The olfactory input derived
from a food source consists of a complex odor bouquet. We
provide evidence that flies recognize specific odorants within
the food odor bouquet based on their identity and that the
concentration of these odorants determines the attractiveness
of the food odor blend. The intensity of the odor background
might change the evaluation of attractiveness of the single key
odorants.

Evidence for Key Odorants that Elicit
Attraction within Food Odors

Humans, with a structurally analogous olfactory system, fail to
discriminate between single odorant compounds when more
than three or four compounds are present within the blend
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FIGURE 7 | Influence of odor composition on individual odorant discrimination. Behavioral response of control and Orco' flies to single odorants compared to other
single odorants or binary and tertiary combinations with 0.0005% AP and 0.125 AA are shown. In (A), 0.25% EtOAc is compared to 5% EtOH with various odor
combinations (N = 12-27); in (B), 5% EtOH and 0.25% EtOAc with various odor combinations (N = 12-28) and in (C), 0.0005% AP and 5% EtOH various odor
combinations (N = 14-37). Significant difference from random choices are labeled with the letter a as determined by the one-sample sign test; (P < 0.05) and
differences between control and Orco' flies are labeled with a star as determined by Student t-test (P < 0.05).
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(Laing and Francis, 1989; Livermore and Laing, 1996). A food
source such as an apple emits over 100 different odorant
compounds (Ferreira et al., 2009). Therefore, the likelihood that
an insect evaluates every single odorant compound is rather low.
Key odorants for biologically significant information facilitate
decision making and ultimately the behavioral response to the
odor. Therefore, the odorant must be recognized based on its
identity within an odor blend. We found that ethanol, EtOAc
and AA within food odors were attractive in a concentration-
dependent manner (Figure 1). These results are consistent with
the common characteristic of a behavioral response curve for
increasing concentrations of single odorants. In Drosophila, low
odorant concentrations are attractive, and increasing odorant
concentrations become less attractive and eventually aversive
(Wang et al., 2003; Semmelhack and Wang, 2009). Flies
recognize ethanol at concentrations that results in attraction
within a food odor based on its identity, since Orco mutants
fail to show attraction at any tested concentration of ethanol
(Figure 1). Given that Orco is required for odor-specific
receptor interaction in ORNs (Larsson et al, 2004; Benton
et al., 2006), the results indicate that Orco interacts with an
ethanol specific olfactory receptor. A possible candidate for
this Orco-interacting receptor is the odor-binding protein Lush,
which binds ethanol at physiological relevant concentrations
(Thode et al., 2008).

Unlike ethanol, flies only detect EtOAc and AA at low
concentrations in an Orco-dependent manner within a food
odor blend (Figure 2). At higher odorant concentrations,
Orco mutants are still attracted to EtOAc- and AA-containing
food odors. This detection could be due to at least four
different mechanisms. First, Orco enhances the detection of
single odorants within a blend. It has been proposed that Orco
enhances the sensitivity of the OR response to odorants over
a wider range of concentrations in flies and moths (Getahun
et al., 2013; Nolte et al., 2013). Second, an Orco-independent
mechanism regulates the attraction to a higher concentration
of EtOAc and AA that is normally suppressed by the Orco
dependent mechanism. In Drosophila larvae, the behavioral
response to EtOAc is mediated over a concentration range

by two different receptors. The Or42a receptor responds to
high concentrations of EtOAc, whereas Or42b responds to low
concentrations (Kreher et al., 2008). A similar system might
exist in adult flies, and both receptors might interact with
Orco differently. Third, other chemical properties associated
with the odorants are evaluated as attractive. Evidence for an
Orco-independent mechanism for odorant detection regulating
attractiveness comes for example from the observation that Orco
mutants still differentiate between different concentrations of
ethanol and AA and high concentrations of EtOAc and water
(Figure 3). The Orco independent mechanism might be due to
the function of jonotropic glutamate receptors that have been
shown to be important for the regulation of the chemosensory
response (Benton et al, 2009). Different chemical properties
are also sensed by the antenna, the structure housing the
ORNSs. Flies sense differences in humidity with a hygrosensing
system localized to specialized sensory hairs on the antenna
(Liu et al., 2007) and sense differences in acidity with the
ionotropic receptor IR64a expressed in OSNs (Ai et al., 2010).
Finally compounds within the food odor might interfere with
the perception of higher concentration of EtOAc and AA. The
concentration of the food odor background can change the
attraction to similar key odorant concentrations within the food
odor (Figure 6).

In contrast to ethanol and low EtOAc or AA concentration,
different AP concentrations within a food odor do not elicit
attraction (Figure 2), although 0.0005% AP has the highest
valence as a single odorant (Figure 4). It is possible that AP is
already present in mango blends at concentrations optimal for
attraction. If this was the case in all combinations where food
odor and a single odor are offered, flies should be more attracted
to the food odor, which was not the case when EtOAc and food
odors were presented (Figure 3). In addition, AP is found only in
very low amounts in mango blends (less than 0.01 mg/kg; Pino
etal., 2005). Thus AP does not function as a key odorant in food
odor blends for Drosophila melanogaster. However, ethanol is a
key odorant in food odor blends at all concentrations that elicit
attraction, and EtOAc and AA are only key odorants at specific
concentrations.
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The Attractiveness of an Odorant Depends

on the Alternative
Normally, flies discriminate between two odorant cues by
interplay between spontaneous and experience-dependent
processes (Hallem et al,, 2004; Xia and Tully, 2007; Parnas
et al., 2013). The valence of the odorant is determined by the
behavioral response, which does not necessarily represent a fixed
quality of the odorant but is the motivational significance of the
odorant (Ai et al., 2010; Min et al., 2013). Consistent with this,
we found that naive flies discriminate between two odorants with
similar valence and choose one over the other. The attraction
of two odorants with similar valence is relative and depends on
the alternative offered (Figure 4). The valences of the odorants
can be ranked, with 0.0005% AP as the most attractive single
odorant and 5% EtOH the least. Male flies prefer 0.125% AA
over 5% EtOH, similar to Drosophila melanogaster females that
prefer the AA-enriched oviposition site over EtOH-enriched
oviposition sites (Eisses, 1997). Evidence that the valence of a
single odorant depends on the alternative is also seen in the
case of AP. Normally, AP is the most attractive single odorant
(Figure 4). In combination with 5% EtOH, AP becomes less
attractive than the single odorant of 0.25% EtOAc (Figure 7A).
Innate odor responses are flexible, as the change in odor
contexts in the external environment must be evaluated against
the internal state and requirements of the animal (Riffell, 2012;
Suand Wang, 2014). The valences of 0.25% EtOAc and 5% EtOH
change when food odorants are present. In a context of low food
odors, 0.25% EtOAc is more attractive than 5% EtOH; when
the food odor intensifies, 5% EtOH becomes more attractive
(Figure 6). High levels of EtOAc are provided by yeast (a putative
protein source), whereas EtOH is generated from carbohydrates
provided by the fruit (Alves et al., 2015). An increase in food
odor concentration might signal the distance to a food source.
To navigate to the food source flies must identify whether the
source is suitable for the nutritional requirements and/or as an
oviposition/mating site. Therefore, the odor context influences
the significance of the single odorant for the response of the fly.
The changes in valence for 0.25% EtOAc and 5% EtOH when
the food odor background increases show that the intensity
of the food odor background suppresses the attraction to
EtOAc and/or enhances the attraction to 5% EtOH. A similar
phenomenon has been reported for CO, Here, the avoidance
of CO, can be suppressed by activating different inhibitory
pathways in the neural system for fruity odors (Jones et al.,
2007; Turner and Ray, 2009; Su and Wang, 2014). Since
in both sites of the choice assay the food odor background
increased equally, the presence of increased intensity of food
odor background has different effects on the attractiveness of
EtOAc and EtOH.

Influence of Complexity on Attractiveness
of Odor Blends

Single odorant components are less attractive than the blend
of all three compounds (Zhu et al., 2003). Therefore, increased
odor complexity might be, per se, more attractive than single
odorants. However, we found that this was not true for food

odors enriched with 0.0025% EtOAc. Here, the single odorant
EtOAc was more attractive than the more complex food odor
blend (Figure 5D). Adding 0.25% EtOAc to food odors does not
make them more attractive (Figure 5E) as predicted if an increase
in complexity alone makes odors more attractive. Interestingly,
in Orco! mutants, the degree of attractiveness for food odors
varied from 0.2 to 0.8 PIs depending on the offered single-
odorant alternative. If complexity was the only factor influencing
attractiveness, food odors should be preferred in all combinations
to a similar extent.

Therefore, the attractiveness of odor blends containing key
odorants do not depend on fixed valence values for single
odorants. The valences of single key odorants depend on the
alternatives and the intensity of the odor background. Finally,
complex odor blends are not necessarily more attractive. The
behavioral response of Drosophila melanogaster to a food odor
blend is driven by only a few odorant compounds with biological
significance. These results support previous findings in other
insects, such as moths, where only a few compounds within a
blend are important for insects to navigate in a spatially and
intermittent complex odor and a turbulent odor plume (Riffell,
2012).

ETHICS STATEMENT

This study does not involved human subjects and was
conducted in accordance to the guidelines of the Deutsche
Forschungsgemeinschaft (DFG).

AUTHOR CONTRIBUTIONS

TG and JH contributed equally to the concepts of the work,
acquired and analyzed data. SB contributed to the concept of
the work, acquired data and drafted the work. HS contributed
substantially to the conception and design of the work, the
interpretation of the data, wrote the manuscript together with
TG, JH. All authors approved the version to be published and
agreed to be accountable for all aspects of the work.

FUNDING

The  work  was  supported by the  Deutsche
Forschungsgemeinschaft [DFG 656/7-2, DFG 656/5-1 and
SFB1340] to HS and a PhD fellowship from China Scholarship
Council [#] to JH.

ACKNOWLEDGMENTS

We thank the Scholz group for discussions of the project. We also
thank the Bloomington stock center for providing reagents.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: http://journal.frontiersin.org/article/10.3389/fnbeh.2017.001
60/full#supplementary-material

Frontiers in Behavioral Neuroscience | www.frontiersin.org

September 2017 | Volume 11 | Article 160


http://journal.frontiersin.org/article/10.3389/fnbeh.2017.00160/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fnbeh.2017.00160/full#supplementary-material
http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive

Giang et al.

Key Odorants Regulate Food Attraction

REFERENCES

Ai, M., Min, S., Grosjean, Y., Leblanc, C., Bell, R., Benton, R,, et al. (2010).
Acid sensing by the Drosophila olfactory system. Nature 468, 691-695.
doi: 10.1038/nature09537

Alves, Z., Melo, A., Figueiredo, A. R., Coimbra, M. A, Gomes, A. C,
and Rocha, S. M. (2015). Exploring the Saccharomyces cerevisiae volatile
metabolome: indigenous versus commercial strains. PLoS One 10:e0143641.
doi: 10.1371/journal.pone.0143641

Azanchi, R, Kaun, K. R, and Heberlein, U. (2013). Competing dopamine neurons
drive oviposition choice for ethanol in Drosophila. Proc. Natl. Acad. Sci. U S A
110, 21153-21158. doi: 10.1073/pnas.1320208110

Benton, R., Sachse, S., Michnick, S. W., and Vosshall, L. B. (2006). Atypical
membrane topology and heteromeric function of Drosophila odorant receptors
in vivo. PLoS Biol. 4:¢20. doi: 10.1371/journal.pbio.0040020

Benton, R., Vannice, K. S., Gomez-Diaz, C., and Vosshall, L. B. (2009). Variant
ionotropic glutamate receptors as chemosensory receptors in Drosophila. Cell
136, 149-162. doi: 10.1016/j.cell.2008.12.001

Chow, D. M., and Frye, M. A. (2009). The neuro-ecology of resource localization
in Drosophila: behavioral components of perception and search. Fly (Austin) 3,
50-61. doi: 10.4161/fly.3.1.7775

Devineni, A. V., and Heberlein, U. (2013). The evolution of Drosophila
melanogaster as a model for alcohol research. Annu. Rev. Neurosci. 36, 121-138.
doi: 10.1146/annurev-neuro-062012-170256

Eisses, K. T. (1997). The influence of 2-propanol and acetone on oviposition
rate and oviposition site preference for acetic acid and ethanol of Drosophila
melanogaster. Behav. Genet. 27, 171-180. doi: 10.1023/A:1025697627556

Ferreira, L., Perestrelo, R., Caldeira, M., and Camara, J. S. (2009). Characterization
of volatile substances in apples from Rosaceae family by headspace solid-
phase microextraction followed by GC-qMS. J. Sep. Sci. 32, 1875-1888.
doi: 10.1002/js5¢.200900024

Getahun, M. N,, Olsson, S. B., Lavista-Llanos, S., Hansson, B. S., and Wicher, D.
(2013). Insect odorant response sensitivity is tuned by metabotropically
autoregulated olfactory receptors. PLoS One 8:¢58889. doi: 10.1371/journal.
pone.0058889

Hallem, E. A., Nicole Fox, A., Zwiebel, L. J., and Carlson, J. R. (2004).
Olfaction: mosquito receptor for human-sweat odorant. Nature 427, 212-213.
doi: 10.1038/427212a

Jones, W. D., Cayirlioglu, P., Kadow, I. G., and Vosshall, L. B. (2007).
Two chemosensory receptors together mediate carbon dioxide detection in
Drosophila. Nature 445, 86-90. doi: 10.1038/nature05466

Joseph, R. M., and Carlson, J. R. (2015). Drosophila chemoreceptors: a molecular
interface between the chemical world and the brain. Trends Genet. 31, 683-695.
doi: 10.1016/j.tig.2015.09.005

Kaun, K. R., Azanchi, R, Maung, Z., Hirsh, J., and Heberlein, U. (2011).
A Drosophila model for alcohol reward. Nat. Neurosci. 14, 612-619.
doi: 10.1038/nn.2805

Kreher, S. A., Mathew, D., Kim, J., and Carlson, J. R. (2008). Translation of sensory
input into behavioral output via an olfactory system. Neuron 59, 110-124.
doi: 10.1016/j.neuron.2008.06.010

Laing, D. G., and Francis, G. W. (1989). The capacity of humans to identify odors
in mixtures. Physiol. Behav. 46, 809-814. doi: 10.1016/0031-9384(89)90041-3

Larsson, M. C., Domingos, A. L, Jones, W. D., Chiappe, M. E., Amrein, H., and
Vosshall, L. B. (2004). Or83b encodes a broadly expressed odorant receptor
essential for Drosophila olfaction. Neuron 43, 703-714. doi: 10.1016/j.neuron.
2004.08.019

Liu, L., Li, Y., Wang, R, Yin, C,, Dong, Q., Hing, H., et al. (2007). Drosophila
hygrosensation requires the TRP channels water witch and nanchung. Nature
450, 294-298. doi: 10.1038/nature06223

Livermore, A., and Laing, D. G. (1996). Influence of training and experience on the
perception of multicomponent odor mixtures. J. Exp. Psychol. Hum. Percept.
Perform. 22, 267-277. doi: 10.1037/0096-1523.22.2.267

Mehinagic, E., Royer, G., Symoneaux, R., Jourjon, F., and Prost, C. (2006).
Characterization of odor-active volatiles in apples: influence of cultivars and
maturity stage. J. Agric. Food Chem. 54, 2678-2687. doi: 10.1021/jf052288n

Min, S., Ai, M., Shin, S. A., and Suh, G. S. (2013). Dedicated olfactory neurons
mediating attraction behavior to ammonia and amines in Drosophila. Proc.
Natl. Acad. Sci. US A 110, E1321-E1329. doi: 10.1073/pnas.1215680110

Nolte, A., Funk, N. W., Mukunda, L., Gawalek, P., Werckenthin, A., Hansson, B. S.,
et al. (2013). Insitu tip-recordings found no evidence for an Orco-based
ionotropic mechanism of pheromone-transduction in Manduca sexta. PLoS
One 8:62648. doi: 10.1371/journal.pone.0062648

Ogueta, M., Cibik, O., Eltrop, R., Schneider, A., and Scholz, H.
(2010). The influence of Adh function on ethanol preference and
tolerance in adult Drosophila melanogaster. Chem. Senses 35, 813-822.
doi: 10.1093/chemse/bjq084

Parnas, M., Lin, A. C., Huetteroth, W., and Miesenbock, G. (2013). Odor
discrimination in Drosophila: from neural population codes to behavior.
Neuron 79, 932-944. doi: 10.1016/j.neuron.2013.08.006

Pino, J. A., Mesa, J., Mufoz, Y., Marti, M. P., and Marbot, R. (2005). Volatile
components from mango (Mangifera indica L.) cultivars. J. Agric. Food Chem.
53,2213-2223. doi: 10.1021/jf051106m

Pohl, J. B., Baldwin, B. A., Dinh, B. L., Rahman, P., Smerek, D., Prado, F. J. IIL,
et al. (2012). Ethanol preference in Drosophila melanogaster is driven by its
caloric value. Alcohol. Clin. Exp. Res. 36, 1903-1912. doi: 10.1111/§.1530-0277.
2012.01817.x

Rao, M. R,, and Stokes, J. L. (1953). Utilization of ethanol by acetic acid bacteria.
J. Bacteriol. 66, 634-638.

Riffell, J. A. (2012). Olfactory ecology and the processing of complex
mixtures. Curr. Opin. Neurobiol. 22, 236-242. doi: 10.1016/j.conb.2012.
02.013

Schneider, A., Ruppert, M., Hendrich, O., Giang, T., Ogueta, M., Hampel, S., et al.
(2012). Neuronal basis of innate olfactory attraction to ethanol in Drosophila.
PLoS One 7:€52007. doi: 10.1371/journal.pone.0052007

Semmelhack, J. L., and Wang, J. W. (2009). Select Drosophila glomeruli
mediate innate olfactory attraction and aversion. Nature 459, 218-223.
doi: 10.1038/nature07983

Su, C. Y., and Wang, J. W. (2014). Modulation of neural circuits: how stimulus
context shapes innate behavior in Drosophila. Curr. Opin. Neurobiol. 29, 9-16.
doi: 10.1016/j.conb.2014.04.008

Thode, A. B., Kruse, S. W., Nix, J. C., and Jones, D. N. M. (2008). The role
of multiple hydrogen-bonding groups in specific alcohol binding sites in
proteins: insights from structural studies of LUSH. J. Mol. Biol. 376, 1360-1376.
doi: 10.1016/j.jmb.2007.12.063

Thoma, M., Hansson, B. S., and Knaden, M. (2014). Compound valence is
conserved in binary odor mixtures in Drosophila melanogaster. J. Exp. Biol. 217,
3645-3655. doi: 10.1242/jeb.106591

Turner, S. L, and Ray, A. (2009). Modification of CO, avoidance
behaviour in Drosophila by inhibitory odorants. Nature 461, 277-281.
doi: 10.1038/nature08295

Wang, Y., Chiang, A. S, Xia, S., Kitamoto, T., Tully, T., and Zhong, Y. (2003).
Blockade of neurotransmission in Drosophila mushroom bodies impairs odor
attraction, but not repulsion. Curr. Biol. 13, 1900-1904. doi: 10.1016/j.cub.2003.
10.003

Wilson, R. I. (2013). Early olfactory processing in Drosophila: mechanisms and
principles. Annu. Rev. Neurosci. 36, 217-241. doi: 10.1146/annurev-neuro-
062111-150533

Wilson, R. I, and Mainen, Z. F. (2006). Early events in olfactory processing. Annu.
Rev. Neurosci. 29, 163-201. doi: 10.1146/annurev.neuro.29.051605.112950

Xia, S., and Tully, T. (2007). Segregation of odor identity and intensity during
odor discrimination in Drosophila mushroom body. PLoS Biol. 5:e264.
doi: 10.1371/journal.pbio.0050264

Zhu, J., Park, K. C., and Baker, T. C. (2003). Identification of odors from overripe
mango that attract vinegar flies, Drosophila melanogaster. J. Chem. Ecol. 29,
899-909. doi: 10.1023/A:1022931816351

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Giang, He, Belaidi and Scholz. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Behavioral Neuroscience | www.frontiersin.org

September 2017 | Volume 11 | Article 160


https://doi.org/10.1038/nature09537
https://doi.org/10.1371/journal.pone.0143641
https://doi.org/10.1073/pnas.1320208110
https://doi.org/10.1371/journal.pbio.0040020
https://doi.org/10.1016/j.cell.2008.12.001
https://doi.org/10.4161/fly.3.1.7775
https://doi.org/10.1146/annurev-neuro-062012-170256
https://doi.org/10.1023/A:1025697627556
https://doi.org/10.1002/jssc.200900024
https://doi.org/10.1371/journal.pone.0058889
https://doi.org/10.1371/journal.pone.0058889
https://doi.org/10.1038/427212a
https://doi.org/10.1038/nature05466
https://doi.org/10.1016/j.tig.2015.09.005
https://doi.org/10.1038/nn.2805
https://doi.org/10.1016/j.neuron.2008.06.010
https://doi.org/10.1016/0031-9384(89)90041-3
https://doi.org/10.1016/j.neuron.2004.08.019
https://doi.org/10.1016/j.neuron.2004.08.019
https://doi.org/10.1038/nature06223
https://doi.org/10.1037//0096-1523.22.2.267
https://doi.org/10.1021/jf052288n
https://doi.org/10.1073/pnas.1215680110
https://doi.org/10.1371/journal.pone.0062648
https://doi.org/10.1093/chemse/bjq084
https://doi.org/10.1016/j.neuron.2013.08.006
https://doi.org/10.1021/jf051106m
https://doi.org/10.1111/j.1530-0277.2012.01817.x
https://doi.org/10.1111/j.1530-0277.2012.01817.x
https://doi.org/10.1016/j.conb.2012.02.013
https://doi.org/10.1016/j.conb.2012.02.013
https://doi.org/10.1371/journal.pone.0052007
https://doi.org/10.1038/nature07983
https://doi.org/10.1016/j.conb.2014.04.008
https://doi.org/10.1016/j.jmb.2007.12.063
https://doi.org/10.1242/jeb.106591
https://doi.org/10.1038/nature08295
https://doi.org/10.1016/j.cub.2003.10.003
https://doi.org/10.1016/j.cub.2003.10.003
https://doi.org/10.1146/annurev-neuro-062111-150533
https://doi.org/10.1146/annurev-neuro-062111-150533
https://doi.org/10.1146/annurev.neuro.29.051605.112950
https://doi.org/10.1371/journal.pbio.0050264
https://doi.org/10.1023/A:1022931816351
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive

	Key Odorants Regulate Food Attraction in Drosophila melanogaster
	INTRODUCTION
	MATERIALS AND METHODS
	Drosophila melanogaster Stocks
	Odor Compounds and Blends
	Odor/Odorants Attraction Assay
	Statistical Analysis

	RESULTS
	Orco-Dependent Attraction to EtOH-Enriched Food Odors
	Key Odorant Function at Low Odor Concentrations
	Orco Independent Mechanism of Single Odorant Detection
	Relative Attractiveness of Single Odorants
	Influence of Odor Complexity on Attractiveness
	Influence of Odor Background Intensity on Single-Odorants Attraction
	Influence of Additional Odorants on Single-Odorant Attraction

	DISCUSSION
	Evidence for Key Odorants that Elicit Attraction within Food Odors
	The Attractiveness of an Odorant Depends on the Alternative
	Influence of Complexity on Attractiveness of Odor Blends

	ETHICS STATEMENT
	AUTHOR CONTRIBUTIONS
	FUNDING
	ACKNOWLEDGMENTS
	SUPPLEMENTARY MATERIAL
	REFERENCES



