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ABSTRACT

The fruit fly Drosophila melanogaster feeds and oviposits on fermented fruit, hence its
physiological and behavioral responses are expected to be tuned to odorants abundant during
later stages of fruit maturation. We used a population of about two-hundred isogenic lines of
D. melanogaster to assay physiological responses (electroantennograms (EAG)) and
behavioral correlates (preferences and choice ratio) to odorants found at different stages of
fruit maturation. We quantified electrophysiological and behavioral responses of D.
melanogaster for the leaf compound -cyclocitral, as well as responses to odorants mainly
associated with later fruit maturation stages. Electrophysiological and behavioral responses
were modulated by the odorant dose. For the leaf compound we observed a steep dose-
response curve in both EAG and behavioral data and shallower curves for odorants associated
with later stages of maturation. Our data show the connection between sensory and
behavioral responses and are consistent with the specialization of D. melanogaster on
fermented fruit and avoidance of high doses of compounds associated with earlier stages of
maturation. Odor preferences were modulated in a non-additive way when flies were
presented with two alternative odorants, and combinations of odorants elicited higher
responses than single compounds.
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INTRODUCTION

Olfactory cues are a powerful drive for feeding, mating, and oviposition in fruit flies [1-5].
Specialization at the level of olfactory receptors and behavioral responses has been well
documented in Drosophila [2,3]: for instance, different drosophilids’ preference for yeast
which supports best their growth and survival [6,7], and genomic adaptation [8], or olfactory
genes sustaining the attraction of Drosophila sechellia by the odor of its obligate fruit host [9],
which is repellent and lethal for other species [10]. Beside being used to investigate the
genetic basis of olfactory behavior [11,12], Drosophila melanogaster has recently gained
greater relevance due to the threat on agriculture posed by its cousin species Drosophila
suzukii [13-15]. This pest is invading western countries from Asia [16] and its habitat
partially overlaps with D. melanogaster. While both species feed on fermented media, only D.
suzukii oviposits on ripe small fruits. Thus, investigating sensory and behavioral responses in
Drosophila for compounds corresponding to different stages of fruit maturation is of primary
interest for both basic and applied research. Keesey et al. [17] recently tested whether the
ecological shift of D. suzukii, but not D. melanogaster, towards ripe fruit is influenced by
sensory tuning of this species to odorants present in leaves, such as the isoprenoid volatile 3-
cyclocitral. They found that only D. suzukii shows electrophysiologic responses to [3-cyclocitral
and is lured by traps containing this compound. On this basis, Keesey et al. [17] argued that
the specialization of the invasive species D. suzukii for ripe fruit is sustained by a species-
specific sensitivity to leaf compounds, which are associated with early stages of fruit
maturation. To better understand the role of odorant type and dose in eliciting sensory and
behavioral responses, in our assays we tested D. melanogaster using the same leaf compound
B-cyclocitral and odorants associated with different stages of fruit maturation [17-20],
presented in increasing amounts.

As ripening fruit compounds we used isoamyl acetate, which is consistently present in
ripening fruit and active in both D. melanogaster and D. suzukii [18], and other volatiles
present during fruit maturation: ethyl butyrate (EB, > 97% purity) [19,21], and 2-methyl-
butyl-acetate (MBA, > 99% purity) [19,22]. Among the fermented fruit compounds we used
methyl and ethyl hexanoate, which are known as the best ligands for the receptor Or22a in D.
melanogaster (whereas they elicit a reduced response in D. suzukii), and ethyl-3-
hydroxybutyrate, which elicits electrophysiological responses on the ab2 sensillum in the
Drosophila melanogaster subgroup [23]. Single compounds do not exactly match the complex
fruit headspace [e.g. 24,25,26] but can be used as “placeholders” that allow standardized
manipulation of compound doses and replicability.

We first measured electroantennographic responses, showing that D. melanogaster indeed
responds to the green leaf compound B-cyclocitral [17], in addition to the other presented
compounds. Using a static T-maze [27], we tested groups of 100 individuals (males and
females) with different haplotypes, in order to have a representation of the entire population
(see [28] for an investigation of the dynamics of collective decisions in groups of 4 to 200
flies). Although this setting does not distinguish between the contribution of males and
females, it provides a representative overview of flies’ behavior in the presence of group
interactions. This is particularly important for a species that frequently aggregates on food.
We assessed the attraction of the most effective compound of each fruit maturation stage
presented in different amounts, compared to a blank control, showing which dose of each
odorant is attractive or aversive. We also measured the proportion of flies lured out from the
starting point into the T-maze (choice ratio). Subsequently, we compared the relative
attraction between pairs of odorants and the proportion of flies lured out from the starting
point when two alternative odorants were presented and when two odorants were presented
simultaneously against a blank control.
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MATERIALS AND METHODS

Drosophila stocks

We used adult fruit flies from 195 lines of the Drosophila Genetic Reference Panel (DGRP)
[29]. This population consists of isofemale lines generated by 20 generations of full-sib mating
of lines started from inseminated females of the wild-caught Raleigh (North Carolina)
population described by Mackay et al. [29]. Arya et al. [11] have recently documented the
genetic basis of olfactory variability in this fully sequenced population.

Electroantennography

In this assay, data from 28 antennae of 2-7 days old individuals of different lines (15 males
and 13 females) were recorded. We measured electroantennograms (EAGs) through a
standard apparatus (Syntech, Hilversum, NL) connected to the antenna through
microcapillary glass electrodes filled with Kaissling saline solution containing 5 g/1
polyvinylpyrrolidone. The head of the insect was mounted on a microcapillar connected to a
ground silver electrode, while the recording silver electrode was placed at the tip of one
antenna. Each compound was delivered to the antenna through a glass tube (12 cmx8 mm)
via a constant humidified air stream (0.5 1/m) filtered with charcoal. The air tube was located
4-5 mm away from the antenna. The test cartridge was connected to a stimulus controller (CS-
55, Syntech) that generated the air puffs. As odorants we used synthetic compounds
(purchased from Sigma Aldrich, Italy, with maximum purity available) that in nature are more
abundant at subsequent maturation stages of a plant (see Table 1) [17,18]: one leaf odorant
for early fruit maturation: 3-cyclocitral (BCC, > 95% purity) [17]; three odorants typical of
ripeninig and fermented fruit stage: isoamyl acetate (IAA, > 99% purity) [18,19,30], ethyl
butyrate (EB, > 97% purity) [19,21], 2-methyl-butyl-acetate (MBA, > 99% purity) [19,22]; and
three odors strongly associated with fermented fruit: ethyl 3-hydroxybutyrate (E3HB, > 97%
purity) [19], methyl hexanoate (MH, > 99% purity) [17], ethyl hexanoate (EH, > 99% purity)
[17,31-33]. Stimuli were diluted in hexane to four different concentrations (10-4, 10-3, 10-2,
10-1 pg/ul), and 10 ul were put on 1.5 cm? piece of filter paper (Albet 400: Sparks Lab Supply
Limited) inside Pasteur pipettes, after the solvent was let to evaporate for a couple of minutes.
Cartridges were replaced after about ten puffs. To avoid biases in the response amplitude we
varied the order of the odorants during the presentation among individuals. For each
individual we delivered odorants in ascending order of concentration at 30-40 s intervals.
Each odorant and concentration was presented only once to each individual. As control
stimuli we used pure hexane and blank air at the beginning, the middle, and the end of each
recording. Electroantennographic responses were analyzed with the EAG2000 software
(Syntech), by measuring the maximum amplitude of depolarization [mV] of each stimulus.
Data were log-transformed to obtain a normal distribution.



Maturation stage Compound Acronym | Vapor pressure
[mmHg]

Green leaf B-cyclocitral BCC 0.032
Ripe fruit isoamyl acetate [AA 5.60
(ripening/fermenting)
Ripe fruit ethyl butyrate EB 12.8
(ripening/fermenting)
Ripe fruit 2-methyl-butyl-acetate MBA 7.85
(ripening/fermenting)
Fermented fruit ethyl 3-hydroxybutyrate E3HB 0.36
(fermenting/ripening)
Fermented fruit methyl hexanoate MH 3.95
(fermenting/ripening)
Fermented fruit ethyl hexanoate EH 1.66
(fermenting/ripening)

Table 1.

Stage of fruit maturation for each odorant used, its acronym and vapor pressure.

T-maze assays

Subjects

In each trial and T-maze we tested a group of 100 adult flies of both sexes collected in groups
of 12-15 individuals from different isofemale lines of our stock (see Drosophila stocks).

Apparatus and experimental procedure

The glass T-maze (14x10 cm, @ 8 mm, junctions’ @ 2 mm) used for the experimental assays
(Figure 1) was connected to a starting chamber (a standard Drosophila vial, 9x2.5 cm) and to
two odor chambers located on each side of the T-maze. The apparatus was placed
horizontally. Odor chambers (standard drosophila vials) contained 20 pl of the test
compounds pipetted on 1x2 cm pieces of filter paper. The test compound was obtained
through consecutive dilutions of the pure odorant in distilled water (water as solvent to dilute
odorants for behavioral experiments had been previously used in a large study with hundreds
of odorants in D. melanogaster [2] and is easy to handle in large-scale studies). To make sure
to present the desired dose for each compound irrespectively of its water solubility, we
vortexed each solution before pipetting it on the filter paper. Each odor chamber contained a
different odorant that diffused into the apparatus without air flow from outside. Efficient
diffusion of odorants into the central chamber, was shown in similar experiments
investigating olfactory learning and preferences in fruit flies [27] and is confirmed by our
results. Despite the lack of controllable airflow, a sufficient diffusion of the compounds
through the apparatus is confirmed by the dose-response curves showing that flies could
detect changes in dosage. This confirms that this setup is particularly suitable for high
throughput tests [27].
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Figure 1.

T-maze used for behavioral assays (which is oriented with all chambers in the horizontal plane). At the
beginning of the test, a group of 100 flies is located in the starting chamber. Flies are free to explore the
apparatus and to enter the lateral arms (odor chambers) of the T-maze. Odor chambers contain the odorants
that diffuse through the apparatus.

After 4 hours of food deprivation in a standard drosophila vial, the flies were released into the
apparatus and could explore the T-maze for 60 minutes before the experiment was
terminated. After half of the time, we removed and substituted the odor chambers with new
vials containing the same odorant, to prevent flies from making a second choice.
During the trial, each T-maze was located in an isolated chamber (50x40x20 cm) with light
symmetrically illuminating the apparatus. At the end of the trial, we counted the number of
flies that entered each odor chamber in the first and second period and the number of alive
flies that did not leave the starting vial. With these data we calculated:
- Olfactory preference = (number of flies that chose odorant A)/(number of flies that
chose the odorant A + number of flies that chose odorant B (or blank))
- Choice ratio = (number of flies that entered one of the odor chambers)/(number of
flies that entered one of the odor chambers + number of alive flies that did not enter
any odor chamber).

Odor vs. Blank experiment

In the first experiment, we tested the preference for an odorant (BCC, IAA, or E3HB) vs. Blank
and the choice ratio (ratio of flies that entered the odor chambers) in response to five odor
doses: 0.002, 0.02, 0.2, 1, 2 pg. We also ran a control experiment of 36 replicates to establish
the baseline for the choice rate in the absence of odorants, measuring the attraction for flies
exposed to two blank vials (Blank vs. Blank). For each odorant and dose we ran a minimum of
20 independent trials (see Supplementary table 1).

Odor vs. Odor experiment

In the second experiment, we tested the relative preference for odorants presented in pairs of
the same dose (0.2, 1, 2 pg) in different arms of the T-maze and the overall attraction. We
used a representative odorant of each maturation stage (see Table 1): 3-cyclocitral (BCC) for
leaf, isoamyl acetate (IAA) for ripening fruit, and ethyl 3-hydroxybutyrate (E3HB) for
overripe/fermenting fruit. For each odor-pair and dose we ran a minimum of 20 independent
trials (see Supplementary table 2).Same odors experiment



In this experiment we tested the choice ratio elicited in the presence of two identical odorants
(BCC, IAA or E3HB) presented with the same dose (0.002, 0.02, 0.2, 1, 2 pg) in both odor
chambers of the T-maze. For each odor and dose we ran 20 independent trials (see
Supplementary table 3)

Two odors vs. Blank experiment

In this experiment we tested the olfactory preference and choice elicited by a pair of odorants
(BCC and IAA, E3HB and BCC, E3HB and IAA) presented in the same arm vs. Blank. Each
odorant was presented at same dose 0.2, 1 or 2 pg. For each odor-pair and dose we ran at
least 20 independent trials (see Supplementary table 4).

Data analysis

For the electroantennographic recordings, after normalization of the distribution of data
(amplitude of depolarization in mV) using a log-transformation, we used ANOVA with Dose,
Stimulus, and Maturation stage as within factors, and Sex as between factor. Alpha level was
set to 0.05. We used Welch-corrected two sample t-tests to assay differences between specific
odours and doses.

For the T-maze assays, non-normal distributed data were normalized using an arcsin-
transformation. We analysed the data (olfactory preference, choice ratio) using ANOVA with
Stimulus and Dose as between factors. Alpha level was set to 0.05. Preferences for one
compound were tested using one-sample t-tests against the chance level, which was 0.5 for
the odour preferences and 0.71 for the choice ratio (this value was established testing fruit
flies with two control stimuli that contained only water).

RESULTS

Electroantennography

After log-transformation, data approached the normal distribution (we removed 6 outliers,
outside 1.5 times the interquartile range above the upper quartile or below the lower quartile). The
analysis of variance showed a significant main effect of Stimulus (Fe,151 = 17.04, p<0.001) and
Concentration (F3540 = 50.1, p < 0.001) and no effect of Sex (F1,23 = 0.01, p = 0.98). We
observed only one significant interaction: StimulusxConcentration (Fiss40 = 3.44, p < 0.001),
see Figure 2.

To check whether each compound was detected, eliciting higher responses than the control
hexane, we tested odor groups against this control using Welch-corrected two-sample

t-tests. Considering all concentrations, all stimuli - including the leaf compound BCC - showed
significantly higher responses compared to control (the response to blank control was lower
with respect to hexane). We obtained the lowest response from BCC at concentration 10-4.
While at this concentration the recordings had only a trend towards higher responses for BCC
compared to hexane (t = 1.59, df = 63.1, p = 0.12), at concentration 10-3 flies clearly responded
stronger to BCC than to control (¢t = 3.74, df = 52.7, p < 0.001). All other compounds elicited
significantly different responses with respect to control starting from the lowest
concentration.

To investigate differences between the subsequent stages of Maturation (leaf, ripening fruit,
fermented fruit) and concentrations we performed a second ANOVA. Data showed a
significant difference between stages of Maturation (F2,50 = 15.9, p < 0.001) and a significant
interaction MaturationxConcentration (Fs,162 = 6.79, p<0.001). The dependence on the
Maturation factor shows an increase in amplitude response at later maturation stages. We



checked this pattern with Welch-corrected two-sample t-tests: overall, the difference between
leaf and ripe fruit stage trends to higher responses for later maturation stage (t = -1.29, df =
192, p = 0.20), and the ripening stage elicits significantly lower responses than the
overripe/fermented stage (t =-3.75, df = 664, p < 0.001).

Response amplitude by Stimulus and Concentration
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Figure 2.

EAG absolute responses (Mean + SEM in mV) to different compounds as a function of Stimulus and
Concentration. Compounds tested are indicated on top of each plot: BCC = f3 -cyclocitral, IAA = isoamyl acetate,
EB = ethyl butyrate, MBA = 2-methyl-butyl-acetate, E3HB = ethyl 3-hydroxybutyrate, MH = methyl hexanoate, EH
= ethyl hexanoate. The purple line shows the baseline response for the control stimulus (pure hexane).

T-maze behavioral assays: Odor vs. Blank experiment

To analyze the olfactory preference for the odorant vs. blank we used the ANOVA, testing for
effects of Stimulus, Dose, and their interaction. Exploratory data analyses revealed three
outliers (values outside 1.5 times the interquartile range above the upper quartile or below
the lower quartile), that we removed for the final analyses. In the preference tests for odor vs.
blank we observed a significant main effect of Stimulus (F2,387 = 8.718, p < 0.001) and Dose
(Fa387=7.746, p < 0.001) and a significant interaction StimulusxDose (Fs,3s7 = 2.45, p = 0.013),
see Figure 3.

For each compound, we used one-sample t-tests with Bonferroni-Holm correction (from
a<0.05) to assess whether flies exhibited attraction or aversion towards different odorant
doses (see Table 2), starting from dose 0.02 u g. For BCC, a dose of 1 u g was attractive while
adose of 2 u g was strongly aversive. Hence, although the overall performance with BCC was
not significantly different from chance (t12s8 =-0.39, p = 0.70, Mean = 0.50, SEM = 0.009), flies
behaved in a qualitatively different way (attraction or aversion) in response to specific doses
of the same compound.
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Figure 3.

Olfactory preference (proportion of flies that chose the arm with the odorant vs. the arm with the blank
stimulus) in the Odor vs. Blank experiment as a function of Stimulus and Dose. Mean * SEM are presented for
each compound and dose tested. BCC (green) is the leaf compound, IAA (yellow) the ripening fruit compound,
E3HB (brown) the overripe fruit compound. Data above the chance level (red dashed line) indicate a preference
towards the odorant, whereas data below the chance level indicate preferences for the blank stimulus (20 ul of
water).

For IAA, doses of 0.2 pg and 2 pg were attractive and dose 1 pg showed a trend in the same
direction. Overall, we observed attraction for [AA compared to Blank (t152 = 4.53, p < 0.001,
Mean = 0.533, SEM = 0.007).

For E3HB, a dose of 0.2 1 pg was highly attractive, while doses of 1 pg and 2 pg showed a
trend towards attraction for the odorant. Overall, we observed attraction for E3HB compared
to the control stimulus (t119 = 4.52, p < 0.001, Mean = 0.54, SEM = 0.009).

Compound Dose [ug] tdr p
BCC 0.002 t22 =-1.35 0.19
BCC 0.02 t19 =-0.67 0.51
BCC 0.2 t27=0.93 0.36
BCC 1 ts7=2.47 0.018*
BCC 2 t20 = -3.84 0.0009 *
IAA 0.002 t19=-1.13 0.27
1AA 0.02 t30 = 0.92 0.36
I1AA 0.2 t29 = 4.68 <0.001*
I1AA 1 ts1=2.03 0.049
IAA 2 t29 = 3.99 <0.001*
E3HB 0.002 t19=-0.77 0.45
E3HB 0.02 t20 =1.75 0.091
E3HB 0.2 t29 =6.19 <0.001*
E3HB 1 t19 = 1.89 0.074
E3HB 2 ti9=1.31 0.21
Table 2.

Results of one-sample t-tests for the olfactory preference in the Odor vs. Blank experiment for each stimulus and
dose vs. the chance level (0.5). Significance is tested for each stimulus with Bonferroni-Holm correction (* =
significant).



As for the choice ratio, we performed ANOVA on arcsin-transformed data, given that after
this transformation data were not significantly different from the normal distribution
(Shapiro test: W= 0.994, p = 0.14). We found a significant effect of Stimulus (F2391 =3.36,p =
0.036), a significant effect of Dose (F4,391 = 4.58, p = 0.001), and a significant interaction
StimulusxDose (Fs,391 = 10.05, p = 0.026), see Figure 4.

For each compound, we used independent one-sample t-tests to assess whether flies were
significantly attracted by that odorant compared to the baseline, which we established using
the average choice ratio observed in the Blank vs. Blank control assays (Mean = 0.71). Overall,
each compound attracted more flies than control (BCC: t131 = 4.83, p < 0.001, Mean = 0.87,
SEM = 0.016; IAA: t152 = 6.53, p < 0.001, Mean = 0.88, SEM = 0.013; E3HB: t120 = 9.06, Mean =
0.92, SEM = 0.014).

ANOVA of the BCC data revealed only a trend for a Dose effect (Fs,127 = 2.22, p = 0.07), but
exploratory analysis of the data (Fig. 4) showed that the leaf compound had a peak of choices
at dose 0.02 pg and a progressive decrease of choices towards higher doses. A different
scenario was found for IAA and E3HB, which showed a significant effect of Dose (IAA: Fa,148 =
3.53, p=0.009; E3HB: F4,116 = 8.66, p < 0.001) with an increase towards higher doses.
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Figure 4.

Proportion of flies that entered the odor chambers instead of remaining in the starting chamber (choice ratio) in
the Odor vs. Blank experiment, as a function of Stimulus and Dose. Mean + SEM are presented for each compound
and all doses tested. BCC (green) is the leaf compound, IAA (yellow) the ripening fruit compound, and E3HB
(brown) the fermented fruit compound. The baseline for the choice ratio (red dashed line) was established
measuring the number of flies that entered the odor chambers when only the control compound (20 pl of water)
was located in the odor chambers.

Compound Dose [pg] tdf p
BCC 0.002 t22 =-0.005 1
BCC 0.02 t19=4.74 <0.001 *
BCC 0.2 t27 =2.94 0.007 *
BCC 1 t37 = 2.60 0.013*
BCC 2 t22=1.35 0.19
1AA 0.002 t19=291 0.009 *
IAA 0.02 t30 = 0.65 0.52




[IAA 0.2 t29 = 3.46 0.002 *
IAA 1 tas1=5.21 <0.001 *
[AA 2 t29 =4.62 <0.001 *
E3HB 0.002 t19=1.86 0.079
E3HB 0.02 t29 = 5.39 <0.001 *
E3HB 0.2 t29 = 3.04 0.005 *
E3HB 1 t19 = 3.15 0.005 *
E3HB 2 t20=10.63 <0.001*
Table 3.

Results of one-sample t-tests for the choice ratio in the Odor vs. Blank experiment, for each stimulus and dose vs.
the baseline. Significance is tested for each stimulus with Bonferroni-Holm correction (* = significant). Data have
been arcsin transformed before analysis.

T-maze behavioral assays: Odor vs. Odor experiment

For all odorants pairs (IAA-BCC, E3HB-BCC, E3HB-IAA) we tested the olfactory preference for
the odorant associated with the later stage of fruit maturation and the overall choice ratio at
the three highest doses (0.2, 1, 2 pg).

The ANOVA on the olfactory preference showed a significant main effect of Stimulus (F2,249 =
21.3,p <0.001) and Dose (Fz,249 = 5.05, p = 0.007) and a significant interaction StimulusxDose
(Fa,249 = 3.87, p = 0.0045), see Figure 5.
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Figure 5.

Preferences for odorants presented in the Odor vs. Odor experiment as a function of Stimulus and Dose. Data
below 0.5 (red dashed line) indicate a preference for the odorant that in each test corresponded to the earlier
stage of maturation, whereas data above the chance level indicate a preference for the odorant corresponding to
the later stage of maturation. Mean + SEM are presented for each pair of odorants and all tested doses. The pair
IAA (ripening fruit compound)-BCC (leaf compound) is presented in the left panel, the pair E3HB (fermented
fruit compound)-BCC in the central panel, the pair E3HB-IAA in the right panel.
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Compounds Dose of each tar p
compound [pug]
IAA-BCC 0.2 t22 = 1.84 0.08
IAA-BCC 1 t19=2.69 0.015*
IAA-BCC 2 t3s=7.74 <0.001 *
E3HB-BCC 0.2 t19=1.91 0.071
E3HB-BCC 1 ts2=-0.46 0.65
E3HB-BCC 2 t3s=1.68 0.10
E3HB-1AA 0.2 t20=-1.70 0.11
E3HB-IAA 1 t21=0.54 0.60
E3HB-1AA 2 t30 =-0.28 0.79

Table 4. Results of one-sample t-tests for the olfactory preference in the Odor vs. Odor experiment for each
stimulus and dose vs. the chance level (0.5). Significance is tested with Bonferroni-Holm correction (* =
significant).

Considering the average of all doses, in post-hoc t-tests with Bonferroni-Holm correction
(from alpha <0.05, see Table 4) we observed a strong preference for the ripening fruit
compound IAA vs. the leaf compound BCC (ts1=7.27, p < 0.001, Mean = 0.60, SEM = 0.014)
with a rapid increase of the preference at higher doses (F2,79 = 8.69, p < 0.001). On the
contrary, for the fermented fruit compound E3HB vs. the leaf compound BCC we documented
only a trend towards the later maturation compound E3HB (t101 = 1.73, Mean = 0.52, SEM =
0.012) and no significant effect of Dose (F2,99 = 2.17, p = 0.12). There was no significant
preference between the odorants corresponding to the later stages of fruit maturation IAA
and E3HB (¢73 =-0.69, p = 0.50, Mean = 0.50, SEM = 0.012) and no Dose effect (F2,71 =1.23,p =
0.3).

As for the choice ratio (proportion of flies that entered the odor chambers) we performed
statistical parametric analyzes on the arcsin-transformed data, given that after this
transformation data were not significantly different from the normal distribution (Shapiro
test, W=10.99, p = 0.11). For this measure we observed a significant main effect of Stimulus
(F2,249 = 6.15, p = 0.002), no significant effect of Dose (F2,249 = 0.87, p = 0.42), and a significant
interaction StimulusxDose (Fs,249 = 3.55, p = 0.008), see Figure 6. Using one-sample t-tests
with Bonferroni-Holm correction, all pairs of odorants (IAA-BCC, E3HB-BCC, E3HB-IAA) were
significantly more attractive than the Blank vs. Blank control (IAA-BCC: ts1 = 9.24, p<0.001;
E3HB-BCC: ti01 = 13.9, p < 0.001; E3HB-IAA: t73 = 14.6, p < 0.001, see Table 5). The pair of
odorants associated with earlier stages of fruit maturation (green leaf and ripening fruit)
elicited significantly less choices than the other odorant pairs (IAA-BCC vs. E3HB-BCC: ti69.5=
1.98, p = 0.049; IAA-BCC vs. E3HB-IAA: t153.9= 3.43, p < 0.001), and we observed a trend for the
odorant pair corresponding to ripening and fermented fruit to elicit more choices compared
to the leaf and fermented odorant (E3HB-BCC vs. E3HB-IAA: t =-1.67,df=161.09, p = 0.096),
which is an intermediate combination.
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Figure 6.

Proportion of flies that entered the odor chambers instead of remaining in the starting chamber (choice ratio) in
the Odor vs. Odor experiment as a function of Stimulus and Dose. Mean + SEM are presented for each compound
and dose tested. The pair IAA (ripening fruit compound)-BCC (leaf compound) is presented in the left panel, the
pair E3HB (fermented fruit compound)-BCC in the central panel, the pair E3HB-1AA in the right panel. The
baseline for the choice ratio (red dashed line) was established by measuring the number flies that entered the
odor chambers when only the control compound (20 pl of water) was located in the odor chambers.

Compounds Dose of each tdr p
compound [pg]
IAA-BCC 0.2 t22 = 2.65 0.015
IAA-BCC 1 t19=3.76 0.001 *
IAA-BCC 2 tsg = 2.65 0.012
E3HB-BCC 0.2 t19 = 2.69 0.015
E3HB-BCC 1 ta2 = 8.05 <0.001 *
E3HB-BCC 2 tsg = 4.82 <0.001 *
E3HB-IAA 0.2 t20 = 8.45 <0.0001 *
E3HB-IAA 1 t21=2.91 0.008 *
E3HB-IAA 2 t30 =9.16 <0.001 *
Table 5.

Results of one-sample t-tests for the choice ratio in the Odor vs. Odor experiment, for each stimulus and dose vs.
the baseline. Significance is tested with Bonferroni-Holm correction (* = significant) of arcsin-transformed data.

T-maze behavioral assays: Same odors experiment

In the Odor vs. Odor experiment, two different odorants were presented simultaneously. In
this way the overall amount of odorants present in the apparatus is doubled compared to the
Odor vs. Blank experiment. To investigate how the choice ratio is affected by the mixture of
two different odorants and by the increase of odorants in the apparatus, we added a control
experiment in which we presented two identical odorants (Same odors experiment) in the
odor chambers: BCC-BCC, IAA-IAA and E3HB-E3HB, presented at dose 0.002, 0.02, 0.2, 1, and
2 pug. Exploratory data analyses revealed one outlier, that was removed for further analyses
(its inclusion/exclusion did not affect significance). We ran an ANOVA on the arcsin-
transformed data (after this transformation, data were not significantly different from the
normal distribution: Shapiro test, W= 0.99, p = 0.09). When analyzing all five doses we
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detected a main effect of Stimulus (F2,284 = 3.68, p = 0.03), no main effect of Dose (Fa,284= 0.93,
p = 0.45), and a trend for a StimulusxDose interaction (Fs2s84 = 9.04, p = 0.08), see Fig. 7 for the
modulation induced by different stimuli and doses. Table 6 shows the results of the t-tests of
the choice ratio for each stimulus and dose vs. the baseline level.
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Figure 7.

Proportion of flies that entered the odor chambers instead of remaining in the starting chamber (choice ratio) in
the Same odors experiment as a function of Stimulus and Dose. Mean + SEM are presented for each compound
and dose tested. The pair BCC-BCC (leaf odorant) is presented in the left panel, the pair IAA-IAA (ripening fruit
compound) in the central panel, the pair E3HB-E3HB (fermenting fruit compound) in the right. The baseline for
the choice ratio (red dashed line) was established by measuring the number flies that entered the odor chambers
when only the control compound (20 pl of water) was located in the odor chambers.

Compounds Dose of each tdr p
compound [pg]
BCC-BCC 0.002 ti9=2.31 0.03
BCC-BCC 0.02 ti9=3.14 0.005 *
BCC-BCC 0.2 t19 = 3.52 0.002 *
BCC-BCC 1 ti9 = 3.65 0.002 *
BCC-BCC 2 t19=1.67 0.11
[AA-IAA 0.002 tio=10.24 <0.001 *
[AA-IAA 0.02 tio=2.37 0.029
IAA-IAA 0.2 t19=3.48 0.002 *
[IAA-IAA 1 t19=2.76 0.012
[AA-IAA 2 tis = 4.80 <0.001*
E3HB-E3HB 0.002 tio=2.71 0.014
E3HB-E3HB 0.02 ti9=2.34 0.030
E3HB-E3HB 0.2 tio=2.81 0.011
E3HB-E3HB 1 ti9 = 3.20 0.005 *
E3HB-E3HB 2 ti9 = 2.38 0.03
Table 6.

Results of one-sample t-tests for the choice ratio in the Same odors experiment, for each stimulus and dose vs.
the baseline. Significance is tested for each stimulus with Bonferroni-Holm correction (* = significant) of arcsin-
transformed data.

13



T-maze behavioral assays: Two odors vs. Blank experiment

To investigate the effect of co-occurrent sources of odorants, we located two odorants in the
same odor chamber and a blank stimulus in the other chamber. We tested the olfactory
preference and choice ratio for odorant pairs (IAA and BCC, E3HB and BCC, E3HB and IAA) vs.
Blank at dose 0.2, 1 and 2 pg. For the olfactory preference the ANOVA showed a significant
main effect of Stimulus (F2,169 = 8.82, p < 0.001) and Dose (F2,169 =12.98, p < 0.001) and a
significant interaction StimulusxDose (Fs,169 = 4.36, p = 0.002), see Fig. 8. For the IAA and BCC
vs. Blank condition there was no significant difference between doses (F2;56 = 0.49, p = 0.16),
and overall we detected a significant preference for the odorants (tss = 5.06, p < 0.001). For
the E3HB and BCC vs. Blank condition we observed a significant effect of Dose (Fz55 = 8.96, p <
0.001), with an opposite trend for the highest doses (see Table 7). For the E3HB and IAA vs.
Blank condition we observed a significant effect of Dose, with only low and intermediate
doses eliciting attraction (see Table 7).

In the Odor vs. Odor experiment we observed the highest choice ratio for the E3HB vs. [AA
pairing. To check whether the same pattern was present also with co-occurrent sources of
odorants, we contrasted the choice ratio of the three pairs stimuli overall: in the presence of
E3HB and IAA stimulus, flies responded significantly more than with IAA and BCC (t115:3 =
2.54,p =0.01) and E3HB and BCC (t1163 = 3.48, p < 0.001), confirming the pattern observed in
the Odor vs. Odor experiment.
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Figure 8.

Preferences for pairs of compounds presented in the Two odors vs. Blank experiment as a function of Stimulus
pair and Dose. Data below 0.5 (red dashed line) indicate a preference for Blank, whereas data above the chance
level indicate a preference for the odorants pair presented. Mean * SEM are presented for each pair of odorants
and all dose tested. The pair IAA (ripening fruit compound)-BCC (leaf compound) is presented in the left panel,
the pair E3HB (fermented fruit compound)-BCC in the central panel, the pair E3HB-IAA in the right panel.
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Compounds Dose of each tar p
compound [pg]
IAA and BCC 0.2 t19=4.84 <0.001 *
IAA and BCC 1 t19=1.94 0.07
IAA and BCC 2 tig = 2.68 0.015
E3HB and BCC 0.2 t19=1.66 0.11
E3HB and BCC 1 t19 = 3.60 0.002 *
E3HB and BCC 2 t17=-1.92 0.07
E3HB and IAA 0.2 t22=7.20 <0.001 *
E3HB and IAA 1 ti1s=7.48 <0.001 *
E3HB and IAA 2 tis =0.51 0.61
Table 7.

Results of one-sample t-tests for the olfactory preference in the Two odors vs. Blank experiment for each
stimulus and dose vs. the chance level (0.5). Significance is tested with Bonferroni-Holm correction (* =
significant).

Exploratory data analyses revealed two outliers that were removed for further analyses (the
overall results did not change including or excluding these observations). We performed
ANOVA on arcsin-transformed data, given that after this transformation data were not
significantly different from the normal distribution (Shapiro test: W= 0.987, p = 0.09), using
Stimulus (IAA+BCC vs. BLANK, E3HB+BCC vs. BLANK, E3HB+IAA vs. BLANK) and Dose (0.2, 1,
2 ug for each compound) as independent variables. We observed a significant effect of
Stimulus (F2,173 = 5.18, p = 0.007), a significant effect of Dose (F2,173 = 5.39, p = 0.005), and a
significant interaction StimulusxDose (F4,173 = 5.17, p < 0.001), see Figure 9. To investigate the
difference in choice ratio between the Two odors vs. Blank experiment and the Odor vs. Odor
experiment, we conducted post-hoc t-tests with Bonferroni-Holm correction for different
odorant pairs and concentrations presented in these two experiments (from a < 0.05, see
Table 7). As Figure 8 shows, for all conditions there was a trend for higher choice rate in the
Two odors vs. Blank experiment, although not always significant. This implies a greater
effectiveness of odorant sources with multiple odorants in attracting Drosophila
melanogaster.
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Figure 9.

Proportion of flies that entered the odor chambers instead of remaining in the starting chamber (choice ratio) in
the Two odors vs. Blank experiment (dark grey bars) and in the Odor vs. Odor experiment (light grey bars) as a
function of Stimulus and Dose. Mean + SEM are presented for each compound and dose tested. The pair [AA
(ripening fruit compound)-BCC (leaf compound) is presented in the left panel, the pair E3HB (fermented fruit
compound)-BCC in the central panel, the pair E3HB-IAA in the right panel. The baseline for the choice ratio (red
dashed line) was established by measuring the number flies that entered the odor chambers when only the
control compound (20 pl of water) was located in the odor chambers.

Compounds Dose of each tdf p
compound [pg]
IAA and BCC 0.2 t37=1.62 0.11
IAA and BCC 1 t346=1.72 0.09
IAA and BCC 2 ts7 = 6.58 <0.001 *
E3HB and BCC 0.2 t3s = 2.69 0.01
E3HB and BCC 1 te0.3=3.15 0.003 *
E3HB and BCC 2 ta9.2 = 0.28 0.78
E3HB and IAA 0.2 ts1.6 = 1.93 0.06
E3HB and IAA 1 t32=3.72 <0.001 *
E3HB and IAA 2 tag3 = 1.38 0.17
Table 8.

Results of independent ¢t-tests for the choice ratio in the Two odors vs. Blank experiment against the Odor vs.
Odor experiment, for each stimulus and dose. Significance is tested with Bonferroni-Holm correction (* =
significant).

DISCUSSION

Fruit flies effectively use odors to find food [2,3,32,34] and mates [24,35]. The observation
that in D. melanogaster most olfactory receptors are responsive to fruit odors [3] is consistent
with the ecology of a species that feeds, mates and oviposits on overripe fruit. While many
studies have investigated the responses of fruit flies to compounds associated with fruit
fermentation [19,20,36], including yeast [32,37], less attention has been devoted to
compounds associated with the early stages of fruit maturation. This information is important
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to understand the natural history of drosophilids and how they can occupy different
ecological niches [38]. For instance, Drosophila species of the “cosmopolitan guild” [39] differ
in the time of colonization of rotten fruit. The first species to colonize rotting fruit is D.
simulans, which approaches fruit when few volatiles have been produced by fermentation,
followed by D. melanogaster and D. immigrans, and then by the other species Drosophila hydei
and Drosophila busckii [40,41]. Beside fermenting fruit, other parts of plants and maturation
stages are attractive for certain Drosophila species and reflect different olfactory responses
[36]: D. virilis [42] and D. pseudoobscura [43] are attracted by the tree sap, D. obscura and D.
subobscura feed on leaves within the canopy [44,45], D. mojavensis is specialized on
photosynthetic tissue of fermenting cactus [26], D. suzukii has evolved a segmented ovipositor
that allows to cut the skin of small fruits and preferentially oviposits on ripening fruit [46].
Keesey et al. [17] have compared three Drosophila species, finding that while D. suzukii, that
oviposits on fresh fruit, responded to the leaf compound B-cyclocitral both at the
electrophysiological (responses of the olfactory sensory neuron ab3A) and behavioral level
(trap assays), D. melanogaster and D. biarmipes, that do not oviposit on fresh ripe fruit, did
not. Based on this negative evidence Keesey et al. [17] hypothesized that the ecological shift of
D. suzukii towards fresh fruit might be sustained by a sensory specialization for odors
associated with early stages of fruit maturation.

To investigate responses of a D. melanogaster population for compounds associated to
different stages of fruit maturation, we assayed sensory and behavioral responses of the
DGRP D. melanogaster population [29] to synthetic compounds found in leaves, ripening fruit
and fermented media, that we used as “placeholders” for different phonological stages [17-
20,36]. The use of synthetic compounds known to be present in different stages of fruit
maturation enabled us to precisely control the amount of each odorant and combinations of
odorants presented, while maintaining a connection to the media important for Drosophila in
the wild.

Flies’ sensory responses were investigated using electroantennograms, which are an overall
measure for the response of olfactory receptor neurons present on the antenna. Differently
from previous reports [17], we found that D. melanogaster can indeed sense the leaf
compound [3-cyclocitral (BCC), although flies are less sensitive to low concentrations
compared to compounds associated with later maturation stages. It is possible that our
positive results depend on the fact that electroantennography - on the contrary to the single
sensillum recording technique used in the work of Keesey et al. [17] - shows the responses of
several types of olfactory neurons on the antenna. Other volatiles known to be associated to
unripen fruit such as CO2[47], or to the green leaf stage such as 1-hexanol [20] and E2-
hexenal [48,49], are aversive for D. melanogaster.

Via the odorant concentration difference detected by the two antennae, flies can orient to a
still chemical gradient, locate an odor source [50] and approach it. To assess this complex
behavioral response we performed T-maze tests on representative odorants for each
maturation stage: BCC for the leaf stage, isoamyl acetate (IAA) for the ripening fruit stage, and
ethyl 3-hydroxybutyrate (E3HB) for the fermented fruit stage. Differently from other studies
[e.g. 18 for individually tested flies], we assayed groups (n = 100) of fruit flies of both sexes,
with different haplotypes, to have a representative of our population. Drosophila
melanogaster aggregates on food patches and it has been shown that food choices and
aggregation can be affected by group size [51,52]. Hence, group testing can mirror
ecologically relevant dynamics, possibly more than individual testing.

When facing the choice between each individual compound and pure water (blank control)
(see Odor vs. Blank experiment), flies were attracted by the fresh fruit and fermented fruit
compound at different doses, with a peak at higher doses for the ripe fruit compound, and at
intermediate doses for the fermented compound. Instead, flies were attracted by the leaf
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compound at intermediate dose (1 pg) but were strongly repelled by the same compound at
the highest dose (2 pg). Consistently with this outcome, flies progressively decreased the
choice ratio from the intermediate to the highest dose for the leaf compound, while they
increased their choice ratio at higher doses for the other compounds. This suggests that, when
a leaf compound is presented in isolation, it can attract D. melanogaster only at
intermediate/low concentrations before becoming aversive, while compounds associated
with later stages of fruit maturation effectively attract flies at a broader range of
concentrations. The DGRP drosophila population of isogenic lines [29] is a good candidate to
carry on further studies to clarify how differences at the peripheral and central level can
determine these outcomes.

When testing flies with pairs of odorants (Odor vs. Odor experiment) we did not have a
precise control on the mixture of the two odorants in the apparatus. In spite of this we
observed that, as expected, when pairing the later maturation stage compounds (E3HB vs.
IAA) flies were more attracted compared to other pairs of stimuli, although we did not
observe any significant preference for each of the two compounds. Surprisingly though, when
pairing the fermented compound (E3HB) with the ripening fruit compound (IAA) and with
the leaf compound (BCC) we obtained very different outcomes. While the ripening fruit
compound was very much preferred over the leaf compound, we observed only a slight
preference for the fermented compound over leaf. For the olfactory preference, we hence
found a non-additive preference effect, since two odorants equally attractive when presented
together (there was no significant preference for E3HB and IAA when they were presented in
the same trial) elicited different responses when paired against another compound (IAA but
not E3HB elicited a significant preference compared to BCC). We further investigated the
effect of two compounds by combining together two odorants and giving a choice against
blank control. In this experiment (Two odors vs. Blank) the number of flies that made a choice
was significantly higher than in the Odor vs. Odor experiment, suggesting that the mixture of
odorants was more effective than single odorants in attracting flies.

The results obtained with two co-occurrent odorants and contrasting two odorants suggest
that olfactory stimuli are particularly attractive for D. melanogaster in specific combinations
of ripening and fermented components, compared to combinations of earlier stages of
maturation. It is important to consider though, that the compounds used in the present study
are present in different maturation stages of the fruits and that their concentration varies
between ripening and fermenting fruits. Revadi et al. [53] showed that D. suzukii significantly
chose isoamyl acetate only at the concentration 10-2 pg/pl and associated this to the release
rate from ripe fruits. In the present study we have shown that D. melanogaster is attracted to
isoamyl acetate at a broad range of doses, and that this compound induced the highest choice
ratio in combination with the fermented fruit compound ethyl-3-hydroxybutyrate.

Given that D. melanogaster is becoming a model not only for basic research in biology, but also
for applied science [54,55], in particular due to its ecological [15] and phylogenetic [13]
proximity to the pest species D. suzukii [15,18,56], these findings are relevant to understand
the species-specific adaptations of D. melanogaster, which will allow to plan effective
strategies of pest management regarding D. suzukii.
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SUPPLEMENTARY MATERIAL

Odor vs. Blank Dose [ug]

stimuli 0.002 /1 0.02 /0.2 |1 |2
BCC-BLANK 23 20 | 28 (38|21
IAA-BLANK 20 31 | 30 |42 |30
E3HB-BLANK 20 30 | 30 | 20| 20

Supplementary Table 1.

Number of trials per stimulus and dose in the Odor vs. Blank experiment.

Odor vs. Odor stimuli Dose [pg]

0.2 1 2
IAA-BCC 24 20 39
E3HB-BCC 20 43 39
E3HB-IAA 21 22 31

Supplementary Table 2.

Number of trials by stimuli used and dose in the Odor vs. Odor experiment.

Same odors Dose [ug]

0.02
stimuli 0.002 021 |2
BCC-BCC 20 20 | 20 | 20|20
[AA-1AA 20 20 | 20 | 20|20
E3HB-E3HB 20 20 | 20 | 20|20

Supplementary Table 3.
Number of trials by stimuli used and dose in the Same odors experiment.

Two odors vs. Blank Dose [ug]

stimuli 02| 1| 2
IAA and BCC - BLANK 20 [ 20 20
E3HB and BCC - BLANK | 20 | 20 | 20
E3HB and IAA - BLANK | 24 | 20 | 20

Supplementary Table 4.

Number of trials by stimuli used and dose in the Two odors vs. Blank experiment

23



