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SUMMARY

During the lifespans of most animals, reproductive maturity and mating activity are highly
coordinated. In Drosophila melanogaster, for instance, male fertility increases with age and older
males are known to have a copulation advantage over young ones. The molecular and neural basis
of this age-related disparity in mating behavior is unknown. Here we show that the Or47b odorant
receptor is required for the copulation advantage of older males. Notably, the sensitivity of Or47b
neurons to a stimulatory pheromone, palmitoleic acid, is low in young males but high in older
ones, which accounts for older males’ higher courtship intensity. Mechanistically, this age-related
sensitization of Or47b neurons requires a reproductive hormone, juvenile hormone, as well as its
binding protein Methoprene-tolerant in Or47b neurons. Together, our study identifies a direct
neural substrate for juvenile hormone that permits coordination of courtship activity with
reproductive maturity to maximize male reproductive fitness.
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INTRODUCTION

Life-history evolutionary theory predicts that for an individual to maximize reproductive
fitness, mating activity and reproductive maturity need to be precisely timed and coordinated
(Roff, 1992; Stearns, 1992). Animals usually display the highest degree of mating activity
when they are most fertile. Mechanisms that underlie such coordination are better
understood in females. For example, ovulating female mice release pheromones to attract
males (Haga-Yamanaka et al., 2014), and juvenile females lacking mature gametes release a
peptide pheromone to inhibit male courtship behavior (Ferrero et al., 2013). In addition, the
ability of female mice to detect attractive male pheromones depends on the ovulation status
signaled by a sex hormone (Dey et al., 2015). Similarly, in Drosophila melanogaster only
sexually mature females produce 7,11-heptacosadiene (Arienti et al., 2010; Bilen et al.,
2013), an aphrodisiac pheromone that promotes male courtship (Antony et al., 1985; Billeter
et al., 2009). As for mature males, little is known about how courtship activity is regulated to
match fertility.

To address this question, we turned to Drosophila melanogaster, a genetically amenable
model organism for which male fertility has been shown to gradually increase with age
(Kvelland, 1965; Long et al., 1980; Markow and O’Grady, 2008) and male courtship activity
peaks later in life at about 7 days (Kvelland, 1965). Two days post eclosion, most males
possess mature sperm but young males are less fertile than older adults; they sire a smaller
number of offspring per mating than their older counterparts (Long et al., 1980).
Interestingly, young males appear less inclined to court females compared to older males
(Long et al., 1980). These observations suggest that mating behavior and fertility are also
coordinated in males. Across insect species, juvenile hormone, a sesquiterpenoid lipid-like
hormone secreted by the corpora allata, has been postulated as a pleiotropic hormone that
coordinates all life-history traits, such as body size, timing of sexual maturity, mating
behavior and lifespan (Flatt et al., 2005; Wilson et al., 2003). It is therefore possible that
male courtship behavior and fertility are coordinated by juvenile hormone in Drosophila.
Consistent with this notion, Methoprene-tolerant, a juvenile hormone binding protein and a
putative receptor, is critical for both normal male fertility and courtship behavior (Wilson et
al, 2003). However, the molecular and cellular mechanism by which juvenile hormone
regulates the neural circuits that underlie courtship behavior remains unknown.

The mating behavior of Drosophila consists of multiple discrete steps, the regulation of
which involves multisensory inputs. Among them, pheromone cues have a strong influence
on mating decision (For reviews, see Dickson, 2008; Ihara et al., 2013; Yamamoto and
Koganezawa, 2013). In the past few years, remarkable advances have been made in the
identification of chemosensory neurons that detect pheromones, including multiple gustatory
receptor neurons (GRNs) (Bray and Amrein, 2003; Fan et al., 2013; Grillet et al., 2006; Koh
etal., 2014; Lacaille et al., 2007; Liu et al., 2012; Miyamoto and Amrein, 2008; Moon et al.,
2009; Shankar et al., 2015; Starostina et al., 2012; Thistle et al., 2012; Toda et al., 2012;
Watanabe et al., 2011) and olfactory receptor neurons (Or67d, Or65a, Ir84a and Or47b
ORNSs) (Dweck et al., 2015; Ejima et al., 2007; van der Goes van Naters and Carlson, 2007;
Grosjean et al., 2011; Kurtovic et al., 2007). However, mutations of individual receptor types
in the pheromone sensory neurons impair but do not abolish courtship behavior, suggesting
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that courtship decision is determined by integrating inputs from multiple parallel,
functionally complementary pheromone circuits (Kohl et al., 2015; Clowney et al., 2015). It
is therefore important to identify the biological context in which a pheromone circuit
contributes to courtship decision.

Here we investigate the molecular basis of the copulation advantage held by older males and
identify a direct neural substrate by which juvenile hormone regulates courtship activity. We
report that the copulation advantage of older males requires the Or47b odorant receptor. The
sensitivity of Or47b neurons to a stimulatory fly pheromone is low in young males but high
in older ones, which allows older males to court females more vigorously. Mechanistically,
the age-dependent sensitization of the pheromone sensory neurons is mediated by juvenile
hormone, which is both necessary and sufficient for the Or47b-dependent copulation
advantage. At the molecular level, the increase in Or47b pheromone sensitivity requires the
expression of the juvenile hormone binding protein Methoprene-tolerant in Or47b neurons.
By modulating Or47b neuronal sensitivity, juvenile hormone regulates mating behavior to
match fertility and thereby maximize male reproductive fitness. Together, our study reveals a
population of pheromone sensory neurons that functions as an interface between neural
circuits for courtship behavior and hormonal signals regulating reproductive maturation.

Or47b receptor is necessary for the copulation advantage of older males

First we devised a courtship competition assay to measure the age-dependent difference in
courtship success. We introduced two naive males to one virgin female in the mating
chamber. We then recorded which male copulated with the female and when copulation first
occurred in the 2-hr observation period under 660-nm illumination which is not visible to
flies (Figs. 1A and S1A). In general, older males (7-day old) are more successful than young
ones (2-day old); in 64% of the trials in which copulation occurred, the females copulated
with the older males (Fig. 1A). We also observed a similar age-dependent copulation
advantage in sexually experienced males that had mated one day prior to the competition
assay (Fig. 1A). This result indicates that it is age, not the duration of abstinence, that
underlies the copulation advantage of older males.

We then asked whether detection of fly odors, either by males or females, gives older males
the copulation advantage. This could be a female choice in which females prefer the odors
enriched in older males. Alternatively, older males might be more sensitive to female odors
than young males and are therefore more responsive to the presence of a female. To
discriminate between these two possibilities, we tested flies with the orco mutation. Orco is
a co-receptor necessary for the normal function of many ORNSs (Larsson et al., 2004),
including the ORNs that respond to fly odors (van der Goes van Naters and Carlson, 2007).
When competing for an orco mutant female, older wild-type males still displayed an overall
65:35 advantage over young males. In contrast, older males no longer displayed any
copulation advantage when both competing males were orco mutants (Fig. 1A). These
results suggest that the copulation advantage of older males is determined by differential
olfactory functions in males, not by female olfactory preferences.
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To determine the neuronal basis of the differential olfactory function in males, we focused
on the Or47b neurons, an ORN type that expresses the transcription factor Fruitless, which
orchestrates the neural circuits for Drosophila male courtship behavior (Hall, 1994; Kimura
et al., 2005; Manoli et al., 2005; Ryner et al., 1996; Stockinger et al., 2005). We
hypothesized that the copulation advantage of older males requires Or47b because the
receptor has been shown to detect volatile fly odors (Dweck et al., 2015; van der Goes van
Naters and Carlson, 2007; Masuyama et al., 2012). In addition, genetic perturbation of the
Or47b neural circuit delays copulation onset (Root et al., 2008) and impairs male courtship
behavior (Dweck et al., 2015; Lone et al., 2015). Indeed, when both competing males were
Or47b mutants, older males no longer exhibited any copulation advantage (Fig. 1A). We
tested two independent knockout lines, Or47t7 and Or47b° (Wang et al., 2011), which are
identical to each other across the Or47b locus (sequencing data not shown), and found no
difference between these two mutant lines in the courtship assay (Fig. 1A).

To verify that Or47b is required for the copulation advantage of older males, we performed
courtship competition assays pitting Or476 mutant males against wild-type males (Fig. 1B).
Indeed, wild-type 7-day old males had a 71:29 advantage over the Or47b mutant
counterparts (Figs. 1B and S1E), in line with the result of a recent report (Dweck et al.,
2015). However, we did not observe this wild-type advantage in young males (Figs. 1B and
S1F), suggesting that Or47b neuronal output is not yet significant in young males. As
controls, we pitted Or47b mutants against genetically rescued flies (both 7-day old) and
observed a similar age-dependent copulation advantage in the Or47b rescue flies (Figs. 1B
and S1E). Together, these results demonstrate that Or47b is necessary for the copulation
advantage of older males.

Or47b neuronal activity is critical for age-dependent copulation advantage

Finally, we investigated whether differential Or47b neuronal activity underlies the
competitive advantage of older males. To test this, we expressed the warmth-activated cation
channel Drosophila TRPAL (dTRPAL) (Viswanath et al., 2003; Hamada et al., 2008) in
Or47b neurons. Thermogenetic activation of Or47b neurons in both 2-day and 7-day old
males could override the effect age might have on Or47b neuronal activity. Indeed, at a
temperature that permits activation of dTRPAL (30°C), we no longer observed the age-
related copulation advantage in Or476>dTrpA1 males (Fig. 1C). The effect was specific to
the thermogenetic manipulation because the copulation advantage of older males persisted in
the control flies (Fig. 1C). These results suggest that older males likely have elevated Or47b
neuronal activity, which may confer upon them the copulation advantage over young males.

Older males court more vigorously

To determine the behavioral basis that underlies the copulation advantage of older males, we
investigated an early-stage courtship behavior using a single-pair assay (one male and one
female, Fig. 2) under 660-nm illumination. We focused on wing extension behavior because
it produces the courtship song that is an early and measurable readout of male flies’ decision
to court (Dickson, 2008), and thus is likely indicative of male mating drive. Compared to 2-
day old wild-type or Or47b mutant males, 7-day old wild-type males extended their wings
more frequently in the 10-min courtship assay (Fig. 2A). In all, older males spent more time
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engaging in wing extension (Figs. 2B-C), which is primarily due to elevated bout number
(Fig. 2C). We did not find any significant difference in bout duration among the tested
groups (Fig. 2C). As a control, we examined the body size of the experimental flies and
found no significant difference between 2-day and 7-day old wild-type males (Fig. S2).
Importantly, this elevated courtship intensity requires a functional Or47b receptor (Fig. 2B).
Taken together, these results suggest that older males have a higher mating drive, which may
confer a significant copulation advantage upon them.

Or47b neurons respond to multiple cuticular compounds

To understand the age-related, differential Or47b neuronal function in males, we sought to
identify pheromone ligands specific for Or47b ORNs by combining chemical analysis with
in vivo calcium imaging. To this end, we extracted cuticular compounds from virgin females
via 20-min hexane extraction at 25°C and fractionated the extract by thin layer
chromatography (Fig. S3A). We then presented those fractions as odor stimuli to test which
fraction activated Or47b ORNSs. Using two-photon calcium imaging in the antennal lobe, we
found that Or47b ORNs responded most strongly to volatile compounds in the fatty-acid
fraction (Fig. S3B). Among the seven cuticular fatty acids identified in our analysis (Fig.
3A), three elicited significant responses in the Or47b ORNs (C14:0, C16:1, and C16:0, Fig.
3B). Of note, a recent independent investigation identified a fatty acid methyl ester (methyl
laurate, C12:0) as a ligand for Or47b based on chemical analyses of cuticular compounds
extracted with either high temperature (200°C) or prolonged methanol incubation (24 hr)
(Dweck et al., 2015). Interestingly, using pure compounds, we found that Or47b ORNs
responded not only to methyl laurate but also to two other fatty acid methyl esters (C14:0
and C14:1, Fig. 3B). In conclusion, our chemical analysis and calcium imaging results
indicate that Or47b ORNSs respond to multiple fatty acids and fatty acid methyl esters of 12—
16 carbon-chain length.

To test whether Or47b is necessary for the response to fatty acid ligands, we performed loss-
of-function and genetic rescue experiments. We focused on palmitoleic acid because it
elicited the strongest response in our initial analysis (Fig. 3B). Using single-sensillum
recording in wild-type and Or47b mutant males, we confirmed that palmitoleic acid activates
Or47b ORNSs (at4A) and the activation requires functional Or47b receptors (Fig. 4A). Of
note, we presented palmitoleic acid at close range (~4 mm from the antenna) in order to
elicit significant responses in Or47b ORNs (Fig. S4). For pheromone odorants with low
volatility, it has been shown that such close-range stimulation is critical for successful
activation of target ORNSs (van der Goes van Naters and Carlson, 2007; Gomez-Diaz et al.,
2013). The difference in odor delivery method likely accounts for the discrepancy between
our study and an earlier study where the authors did not observe at4A responses to fatty acid
ligands (Dweck et al., 2015). As a control, we also tested methyl laurate, an odorant which
has been shown to activate both Or47b (at4A) and Or88a (at4C) ORNSs (Dweck et al., 2015),
and observed robust responses in both neuronal types (Fig. 4A). In contrast, palmitoleic acid
does not activate other pheromone ORNSs: at4B (Or65a/Or65b/Or65c¢), at4C (Or88a) (Fig.
4A) or atl ORNs (Or67d) (data not shown). Using calcium imaging, we further verified that
the Or47b neuronal signals (Fig. 4B) are propagated to the postsynaptic projection neurons
(PNs) in the antennal lobe (Fig. 4C). These responses are Or47b-dependent; we observed
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palmitoleic acid-evoked responses in the Or47b genetic rescue flies but not in the Or47b
mutants, consistent with earlier results using single-sensillum recording (Fig. 4).

We next asked whether these Or47b ligands convey sex-specific information. We performed
cuticular chemical analysis using both male and female flies and found that fatty acids do
not constitute a female-specific odor; gas chromatography-mass spectrotometry (GC-MS)
analysis revealed a similar fatty-acid profile between males and females (Fig. S3C), in
agreement with earlier reports that Or47b ORNSs respond to both male and female odors
(Dweck et al., 2015; van der Goes van Naters and Carlson, 2007). We then asked whether
Or47b ORNS signal species-specific information. We performed single-sensillum recordings
from two other Drosophila species (D. simulans and D. willistoni) and found that at4A
ORNSs from both species responded robustly to palmitoleic acid (data not shown), implying
that Or47b ligands have a similar function across Drosophila species. Collectively, our
results suggest that Or47b ligands do not signal sex- or species-specific information.

Palmitoleic acid is a pheromone that promotes male courtship

Does palmitoleic acid modulate male courtship behavior? In a single-pair courtship assay
conducted under 660-nm illumination, ~67% of wild-type males successfully copulated
within 2 hrs (Fig. 5A). In contrast, only 50% of the Or47b mutant males copulated. Genetic
rescue experiments confirmed that this copulation phenotype was caused by the Or47b
mutations (Fig. 5B). We then perfumed the mating chamber with palmitoleic acid, which
significantly increased the copulation rate of wild-type males by ~17% (Figs. 5C and S5B)
but had no effect on the Or47b mutant males (Figs. 5D and S5C). As a control, we perfumed
the chamber with linoleic acid, a cuticular fatty acid that does not activate Or47b ORNs (Fig.
3B), and found that the compound had no effect on copulation rate (Fig. S5A). These results
indicate that palmitoleic acid is a stimulatory pheromone that promotes male courtship
behavior via the Or47b olfactory circuit. Given that palmitoleic acid does not activate other
pheromone ORNSs (Fig. 4A) and its stimulatory effect entirely depends on functional Or47b
receptors (Fig. 5), it is likely a more specific odorant than methy! laurate and thus provides a
better opportunity to investigate the function of the Or47b olfactory circuit in courtship
behavior.

Age-dependent and male-specific sensitization of Or47b neurons

Given that Or47b is required for the copulation advantage of older males (Fig. 1A) and that
palmitoleic acid promotes male courtship behavior (Fig. 5), we hypothesized that the
sensitivity of Or47b ORNSs in male flies increases with age. To test this hypothesis, we
measured the spike responses of Or47b ORNs to palmitoleic acid with single-sensillum
recording. In addition, we performed calcium imaging in the antennal lobe to measure ORN
outputs. Results from both measurements support the occurrence of age-dependent
sensitization of Or47b ORNSs: the olfactory responses of Or47b ORNSs to palmitoleic acid
across concentrations are significantly higher in older males than those in young males
(Figs. 6A-F). In contrast, female flies did not exhibit any age-dependent change in Or47b
olfactory responses (Fig. 6G). These results indicate that the enhanced Or47b olfactory
responses are male-specific. Of note, we observed similar elevated Or47b responses in older
males to another cuticular fatty acid (Fig. S6), suggesting that the age-dependent
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sensitization is not odorant-specific. Furthermore, we did not observe any age-dependent
sensitization in males in the Or67d pheromone ORNs (Figs. STA-C). These findings
indicate that the elevated Or47b output in the older males likely originates from the
sensitization of Or47b ORNSs to their pheromone ligands in the periphery.

Juvenile hormone mediates age-dependent sensitization of Or47b neurons

Next we sought to determine the molecular mechanism that underlies the age-dependent
sensitization of Or47b ORNSs. For many insect species, pheromone sensitivity and onset of
mating activity are regulated by juvenile hormone (Gadenne et al., 1993; Anton and
Gadenne, 1999; Bownes and Rembold, 1987). We thus hypothesized that Or47b ORNs are a
target of juvenile hormone, which may modulate Or47b neuronal sensitivity to regulate
courtship activity. We first employed a pharmacological ablation approach. We treated newly
eclosed males with precocene, which leads to selective cell death in the corpora allata,
thereby inhibiting the production of juvenile hormone (Pratt et al., 1980). In the precocene-
treated flies, we observed a significant reduction in the sensitivity of Or47b ORNS,
compared to solvent-treated controls (Figs. 7A-B). In addition, the sensitivity of Or47b
ORNSs in the treated 7-day old males (Fig. 7B) was reduced to a level similar to that of the 2-
day old controls (Fig. 7E), suggesting that juvenile hormone is necessary for the elevated
Or47b ORN sensitivity in older males.

We then asked whether increasing juvenile hormone signaling in young males would elevate
their Or47b responses to palmitoleic acid. To this end, we treated newly eclosed males with
methoprene, a synthetic juvenile hormone mimic (Jindra et al., 2013). Indeed, methoprene
treatment markedly enhanced Or47b responses to palmitoleic acid in young males (Figs. 7D
and E) without affecting the sensitivity of Or67d ORNSs to ¢VA (Figs. S7TD-E), consistent
with our finding that the Or67d ORNSs do not exhibit any age-dependent sensitization (Figs.
S7A-C). On the other hand, ecdysone, another insect reproductive hormone (Belles and
Piulachs, 2014; Hentze et al., 2013), had no effect on Or47b ORN sensitivity (not shown).
Taken together, our loss- and gain-of-function experiments indicate that juvenile hormone is
both necessary and sufficient for the elevated Or47b ORN sensitivity in males.

In addition, we tested whether modulation of Or47b ORN sensitivity by manipulating
juvenile hormone levels affects the outcome of courtship competition. Indeed, down
regulation of Or47b responses by precocene (Fig. 7B) rendered the treated flies less
successful than the controls in the courtship competition assays (Fig. 7C). Conversely,
methoprene-treated young males gained a significant copulation advantage over the control
counterparts (Fig. 7F). Importantly, the effect of precocene or methoprene on the outcome of
courtship competition depends on Or47b; precocene-treated wild-type males did not suffer
any copulation disadvantage when pitted against Or476 mutants (Fig. 7C). In addition,
methoprene-treated Or476 mutant young males did not gain any copulation advantage over
the wild-type counterparts (Fig. 7F). Similarly, treating the Or47b mutant males with either
precocene or methoprene did not impact the outcome of courtship competition (Figs. 7C and
F). These results provide evidence that juvenile hormone signaling underlies the courtship
advantage of older males. Specifically, juvenile hormone promotes courtship success in
older males by elevating the pheromone sensitivity of Or47b ORNs. Notably, we did not find
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any significant difference in the Or47b transcript level in the antennae between 2-day and 7-
day old wild-type males (antennal gPCR, data not shown), suggesting that juvenile hormone
signaling regulates Or47b ORN sensitivity by other means.

Finally we investigated whether Or47b ORNSs are a direct target of juvenile hormone.
Among the proteins that bind juvenile hormone, Methoprene-tolerant (Met), a bHLH-PAS
protein, has been implicated as a juvenile hormone receptor in Drosophila (Jindra et al.,
2013; Wilson and Fabian, 1986) and is expressed in the antenna (RT-PCR data not shown).
We therefore hypothesize that juvenile hormone acts on Met to mediate the age-dependent
sensitization of Or47b ORNs. In 7-day old Met mutant males (Wilson and Fabian, 1986), the
responses of Or47b ORNs to palmitoleic acid were significantly reduced compared to the
age-matched controls (Fig. S8). Furthermore, knocking down Met expression specifically in
the Or47b ORNSs reduced their response to palmitoleic acid in a similar manner (Figs. 8A—
C). These results suggest that Met is required in a cell-autonomous manner for juvenile
hormone to modulate Or47b sensitivity. Finally, consistent with our results with precocene
to suppress juvenile hormone signaling (Fig. 7C), genetic knock-down of Met expression
also abolished the copulation advantage of older males (Fig. 8D). Together, these results
indicate that Or47b ORNSs are a direct neural substrate for juvenile hormone.

DISCUSSION

Here our findings reveal that sensitization of Or47b ORNs by juvenile hormone underlies
the copulation advantage of older males. In addition, we establish “age” as an important
biological context in which the Or47b pheromone circuit selectively enhances mating drive
in males at the peak of their fertility. From fly cuticular extracts, we identified palmitoleic
acid, among several ligands for Or47b neurons, as a stimulatory pheromone that promotes
male courtship. This allows older males to court females more promptly and vigorously and
may confer upon them a copulation advantage over young males. Mechanistically, we found
that the age-dependent sensitization of Or47b ORNSs requires Met in a cell-autonomous
manner, supporting the idea that Or47b ORNSs are a direct neural substrate for juvenile
hormone. Our results reveal that Or47b ORNs serve as an important interface between
neural circuits for courtship behavior and the juvenile hormone signaling that regulates
reproductive maturation and other life-history traits.

For a sensory circuit that promotes male courtship behavior, we are intrigued by the
observation that the Or47b circuit does not appear to convey sex- or species-specific
information. What then is the biological meaning of the pheromones that activate the Or47b
circuit? Most fatty acids in fly cuticles are synthesized from nutrients in food (de Renobales
and Blomquist, 1984), and some, such as palmitoleic acid, are the precursors of all
Drosophila cuticular hydrocarbons, many of which play roles as pheromones (Jallon, 1984;
Wicker-Thomas and Chertemps, 2010). It is therefore possible that these pheromones
collectively signal the nutritional state of a fly, and the Or47b olfactory circuit may thus
allow male flies to favor well-nourished females. Moreover, given that we could markedly
enhance male copulation rate by perfuming the mating chamber with palmitoleic acid (Figs.
5 and Sb), it is likely that male flies will court more vigorously when more females are
nearby. In comparision to the Ir84a olfactory circuit, which signals food abundance to
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regulate male courtship (Grosjean et al., 2011), the Or47b pheromone circuit may also
communicate mate availability to modulate male mating drive. Finally, we note the positive
effect of palmitoleic acid on the copulation rate of 2-day old males despite their low Or47b
neuronal sensitivity (Fig. S5). This result suggests that regardless of age, male flies will be
more inclined to court when the probability of mating success is high.

Although the fatty acid ligands are present at a similar level in both males and females (Fig.
S3) and in other insect species (Thompson, 1973), futile courtship behavior could be
prevented by contextual inhibitory pheromone cues. For example, males produce c/s-
vaccenyl acetate (¢VA) (Bartelt et al., 1985), which inhibits male courtship behavior towards
other males or mated females (Ejima et al., 2007; Jallon, 1984; Kurtovic et al., 2007). In
addition, specific gustatory receptor neurons in the male legs detect male and/or
heterospecific cuticular hydrocarbons (e.g. CH503, 7-tricosene and 7-pentacosene) which
function as anti-aphrodisiacs to further deter futile courtship (Fan et al., 2013; Thistle et al.,
2012). Thus, while palmitoleic acid functions as an aphrodisiac, multiple anti-aphrodisiac
pheromones could suppress male-male or interspecific courtship. Of note, male-male
courtship has been observed in mutant flies which do not produce cuticular hydrocarbons
(Billeter et al., 2009; Wang et al., 2011), and this attraction requires a functional Or47b
receptor (Wang et al., 2011) that likely detects fatty acids from male cuticles.

Our findings also address a longstanding mystery of the effect of age on courtship behavior.
Here we show that the courtship advantage is afforded by elevated mating drive in older
males and is less likely a result of female olfactory choice, contrary to the dominant view of
sexual selection in which “males compete, females choose” (Bateman, 1948). As courtship
decision and intensity is a form of mate choice (Edward and Chapman, 2011), the age-
related copulation disparity is in fact a result of male choice. In light of the considerable
reproductive cost for male flies (Partridge and Farquhar, 1981), they need to be judicious
about mating if they have not yet reached the peak of their fertility (Byrne and Rice, 2006).
In addition, we show that boosting mating drive does not necessarily require a multiplex of
physiological changes but can instead be achieved by elevating the output of a pheromone
sensory neuron. Therefore, our study identifies a simple and elegant neural mechanism
which underlies how age impacts male courtship success in Drosophila melanogaster.

In mammals, sex hormones are essential for the development and organization of the
sexually dimorphic neural circuits in the brain. In adulthood, sex hormones are required for
the activation of those circuits to elicit sex-specific behaviors (for review, Yang and Shah,
2014). In addition to central neurons in the brain, sex hormones exert profound influence on
sexual behavior by gating pheromone detection in the periphery (Dey et al., 2015). Although
insects do not produce sex-specific hormones like mammals, our study in Drosophila
melanogaster suggests a common principle by which reproductive hormones regulate mating
behavior. In both flies and mice, pheromone communication is regulated not only by the
production of pheromones but also by the detection of those compounds. Moreover, in both
species, reproductive status and sexual behavior can be precisely coordinated by a
reproductive hormone that targets pheromone sensory neurons in the periphery.
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EXPERIMENTAL PROCEDURES

Behavioral assays

Flies were raised on standard fly food containing molasses at 25°C in a 12:12 light-dark
cycle. Two independent Or47b mutant alleles, Or476° and Or47b°, were backcrossed to
Berlin (w") for 6 generations. Wild-type Berlin (w”) males were used as controls. All
experimental flies are either w* or have a mini-white marker. Or47b mutation/expression
was verified by antennal gRT-PCR. Or47b-GAL4 (Fishilevich and Vosshall, 2005) and UAS-
Or47b (Hallem and Carlson, 2006; Hallem et al., 2004) were also backcrossed to Berlin
(w"). Flies were collected at eclosion, separated by sex, and raised in groups of ten. All the
experimental flies were group-housed. For each experiment, typically, 25 trials were set up
and only trials in which copulation occurred within 2 hrs were included in the analysis.

For competition assay with sexually experienced males, we first collected mated males.
Briefly, one 1-day or 6-day old naive male was paired with one virgin female. Mating was
visually confirmed and mated male flies were transferred into new food vials and group-
housed for courtship competition experiments the next day.

The mating chamber is positioned atop a petri-dish containing fly food to mimic the natural
environment where flies mate on food (Fig. S1). The base of the chamber is made of a piece
of gauze to allow food odors to permeate the chamber. Courtship experiments were
conducted under 660-nm red light with a larger mating chamber (2 cm in diameter and 1 cm
in height, 3.14 cm3) than conventional ones (0.4 cm?3, Siegel and Hall, 1979). Fly behavior
was observed for 120 min, 50% relative humidity at 25°C, except for the thermogenetic
experiments, which were conducted at 30°C.

For the single-pair courtship assay, one 2-day or 7-day old naive male of a given genotype
and one 2-day old virgin Canton-S female were tested. For perfuming experiments, a piece
of filter paper (1.4 x 1.4 cm) containing 0.45 mg palmitoleic acid, 0.45 mg linoleic acid or
10 pl ethanol (solvent control) was placed underneath the mating chamber. Flies did not have
any direct contact with the compounds. Ethanol was allowed to evaporate for at least 60 min
in a fume hood prior to experiments. For the wing extension analysis shown in Fig. 2, single-
pair courtship assays were recorded with a video camera under 660-nm red light for 10 min
at 3 frames/sec. As a control to estimate basal wing extension frequency in males, similar
analyses were conducted in the absence of female flies. Spontaneous wing extensions were
observed and they usually lasted less than two consecutive frames (<1 sec). Wing extensions
that lasted for more than three frames were marked for subsequent analysis.

For the courtship competition assay, two naive males of given genotypes/ages and one 2-day
old virgin Canton-S female were tested. The copulated males and time of copulation were
recorded during the 2-hr observation period. The genotypes of competing males were
determined by their eye color at the end of the experiment: Fig. 1B, WT (red) vs Or47t7
(orange); 6C and F, WT (red) vs Or47b2 (orange). In cases that genotypes could not be
determined by eye color, one of the two males was dusted with a fluorescent dye (UVXPBR,
LDP LLC, Carlstadt, NJ) 48 hrs prior to the experiment. Dye application was alternated
between the two genotypes to minimize any possible dye-induced behavioral bias.
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Single-sensillum recording

Single-sensillum recording was performed as previously described (Su et al., 2012). A sharp
electrode filled with AHL saline (Wang et al., 2003) was inserted into the recorded
sensillum. Odorants, including palmitoleic acid (Sigma, 76169), methyl laurate (Sigma,
234591), palmitic acid (Sigma, P0500) and ¢VA (Cayman Chemical, 10010101), were
freshly diluted in ethanol (v/v) and 5 pl of the odorant was applied to filter paper inserted
inside a truncated 200-pl pipette tip. Ethanol was allowed to evaporate for at least 30 min in
a fume hood prior to experiments. The odor cartridge was positioned around 4 mm away
from the antenna. Odor stimulus was delivered via a 500-ms pulse of air (500 ml/min)
directly at the antenna in the presence of humidified air flow at 2 L/min from a different
direction.

Two-photon calcium imaging

Fly dissection was performed in chilled calcium-free AHL saline as published (Wang et al.,
2003). Prior to experiments, calcium-free AHL was replaced by regular AHL saline. Odor
stimuli were delivered via Teflon tubing containing filter paper blotted with 5 pl cuticular
hexane extracts (Fig. S3B) or 5 pl fatty acids and fatty acid methyl esters (1 pg/ul in ethanol,
Fig. 3B). For experiments shown in Figs. 4B—C, 1 pul palmitoleic acid was applied via a 2-s
pulse of air (25 ml/min) with a main air flow at 1000 ml/min (2.5% of saturated vapor). For
other imaging experiments (Figs. 6 and 7), odor was diluted in ethanol as described in
single-sensillum recording and applied via a 2-s pulse of air (50 ml/min) with a main air
flow at 1000 ml/min. Images were taken at 4 frames/s for 20 s at a resolution of 128X128
pixels using a custom two-photon microscope (Wang et al., 2003). At the end of each
experiment, image stacks were collected at a high resolution (512X512 pixels) for
glomerulus identification. Imaging data were analyzed and plotted in Igor Pro 6.2
(Wavemetrics).

Pharmacological manipulations of juvenile hormone or ecdysone

Flies were raised on food with 10 pl methoprene (0.25%, v/v in ethanol, Sigma 33375),
precocene | (0.1%, v/v in ethanol, Sigma 195855), 20-hydroxyecdysone (1 mM, Sigma
H5142) or solvent (ethanol) applied to the surface of medium. Solvent was evaporated for
one hour in a fume hood. Naive male flies were collected soon after eclosion and transferred
to a vial with drug- or solvent-treated food. Flies were transferred to fresh vials every other
day.

Thin layer chromatography

1500 virgin Canton-S female flies, aged 2—7 days were immersed in hexane for 20 mins.
The solvent was evaporated completely under a stream of N,. Cuticular extracts were
separated using glass-backed silica gel plates (20x10 cm, coated with 0.21-0.27 mm of
silica gel 60; EMD Muillipore) with a mixture of hexane/diethyl ether/acetic acid (90:9:1,
v/v). Standard compounds (fatty acids, fatty acid methyl esters, and glycerol trioleate) were
analyzed in parallel. The plate was stained with primuline (0.1% w/v in 20% acetone) and
imaged under 366-nm UV light.
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Gas chromatography mass spectrometry (GC-MS)

30 virgin male or female flies (2-day old) were immersed in 240 pl hexane containing 100
nM pentadecanoic acid (C15:0) and 10 pg/ml hexacosane at room temperature for 20 min.
Hexane in the extracts was evaporated completely under a stream of N,. Half of the extract
was trans-esterified by adding 100 pl of 0.5 N methanolic HCI (Sigma-Aldrich) and
incubating at 60°C for 1 hour with occasional vortexing. The other half was used as a
control without esterification. After incubation, the solvent was evaporated under N, and re-
dissolved in 120 pl of hexane prior to analysis. GC-MS analysis was performed using a GC-
MS 7820A system coupled to a 5975 mass selective detector (Agilent) with a 5% diphenyl-
dimethylpolysiloxane column (Rtx-5ms, 30 m, 0.25 mm ID, 0.25 um df, Restek). The initial
oven temperature was 60°C, increased at a rate of 15°C/min to 120°C and held there for 1
min, and then increased at a rate of 3°C/min to a final temperature of 240°C and held at the
temperature for 10 min. Column injection was performed in splitless mode. Flow rate was
1.19 ml/min. The inlet temperature was set at 200°C and the column transfer temperature
was set at 280°C. Mass spectra was acquired in EI mode from 50 to 550 m/z. Pentadecanoic
acid (C15:0) and hexacosane were used as internal standards. Peaks corresponding to fatty
acid methyl esters (FAMES) were identified based on retention times and electron ionization
spectra of known standards. Absolute quantities from extract were calculated based on
standard response curves established for each FAME and normalized to the internal
standards to account for sample loss during preparation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Or47b neuronal activity is critical for copulation advantage of older males
(A) Courtship competition assay with one virgin female and two males (2-day and 7-day

old). Copulation percentages of 7-day old males are shown. Fly genotypes are indicated
above. Significant differences between conditions (p<0.05) are denoted by different letters
(a, b), ANOVA followed by Tukey’s test. Chi-square test was used to determine whether
older males had a copulation advantage over young males. The six competition
combinations: (1) WT &, WT @, p=0.0033, n=104; (2) sexually experienced WT (eWT) &,

WT Q, p=0.0034, n=85; (3) WT O, OrcoQ, p=0.00085, n=123; (4) Orco G, WT Q, p=0.69,

n=98; (5) Or47t2 &, WT Q, p=0.46, n=89; (6) Or476° 3, WT Q, p=0.91, n=85. Red bars
denote average copulation percentage, and the dashed line indicates chance level. (B)
Competition between two males of different genotypes for a WT female. Copulation
percentages of “genotype 1” males are shown. Lines connect results from parallel
experiments. Only older WT males had a significant copulation advantage over Or47t7
males (***, p<0.001, paired #test). Comparisons between competitions (GAL4 vs. UAS,
Rescue vs. GAL4, Rescue vs. UAS) were made using ANOVA followed by Tukey’s test.
GAL4: Ord7lP, Ord7b-GAL4, UAS: Or47t°, UAS-Ord7b, Rescue: Ord7l2, Ord7b-GAL4,
UAS-0r47b. Chi-square test was used to determine significance above chance: 7-day old
WT vs. Or476°, p=8.2E-6, n=111; 2-day old WT vs. Or47t°, p=0.08, n=106; GAL4 vs.
UAS, p=0.55, n=100; Rescue vs. GAL4, p=0.0023, n=103; Rescue vs. UAS, p=0.00011,
n=118. (C) Same as (A), except that the competition assays were conducted at 30°C. The
three competition combinations: (1) Or47b-GAL4 3, WT @, p=0.0001, n=95; (2) UAS-
dTiwA1 3, WT @, p=3.142E-05, n=97; (3) Or47b-GAL4, UAS-dTipA1 T, WT @,
p=0.8398, n=98. Each data point denotes average copulation percentage of a given
experiment, which consisted of 17-44 matches. For each condition, 5-6 independent
experiments were performed.
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Fig. 2. Older males display a higher courtship intensity
Analysis of wing extension from single-pair courtship assays with one 2-day or 7-day old

naive male and one 2-day old virgin female. (A) Raster plot (top) and percent time spent on
wing extension (1-min bins, bottom). Results are from parallel experiments. (B) Cumulative
plot of the time spent on wing extension. (C) Overall time spent on wing extension, bout
number and average bout duration of wing extension in males. Each data point indicates the
result from a single fly. Significant differences (p<0.05) are denoted by different letters,
ANOVA followed by Tukey’s test (n=8).
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Fig. 3. Or47b neurons respond to multiple cuticular compounds
(A) Representative GC-MS chromatogram showing esterified fatty acids in the cuticular

hexane extracts from 15 virgin females. Identified fatty acids are indicated on the
chromatogram. Pentadecanoic acid (C15:0) was added as a standard for quantification. (B)
Calcium responses evoked by individual FAs and FAMEs at the axon terminals of Or47b
ORNSs. Pure compounds were loaded on a filter disc and used as odor stimuli. Left: peak
AF/F; Right: corresponding traces. Significant differences (p<0.05) are denoted by different
letters; ANOVA followed by Tukey’s test. Error bars indicate s.e.m. (n=8-9).
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Fig. 4. Activation of at4A olfactory circuit by palmitoleic acid requires Or47b receptor
(A) Sample traces of single-unit recordings of at4 sensillum in WT and Or47b mutant 7-day

old males. Filled circles indicate large ORN spikes from at4A (Or47b); empty circles
indicate smaller ORN spikes from at4C (Or88a). at4A spike activity was absent in the Or47b
mutants. PA: palmitoleic acid; ML: methyl laurate. (B) Calcium activity at the axon
terminals of Or47b ORNs in WT, Or47b° mutant and genetic rescue males expressing
GCaMP3in the Or47b ORNSs. (C) Calcium activity at the dendrites of Or47b projection
neurons (PNs) in WT and Or47b6° mutant males. Gray-scale images show the Or47b/VA1Im
glomerulus and pseudocolored images show representative odor-evoked responses. Mean
AF/F is plotted against time, with line width indicating s.e.m. (n=5-9).

Neuron. Author manuscript; available in PMC 2017 June 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Linetal.

Page 20

A 80 C 80 80 **
g g |= a g | P og %
2 60 ~ 60 o 60 60
0] o [J] o
5 Or47b® 5 © ©
L4 S 40 L Solvent S 40 PA
5 s 5 s Solvent
g2 3 20 g2 3 20
3 Q = | [o}
] o O o

0 0 o G

0 40 80 120 Or47b? Or47b°> WT 0 40 80 120
Time (min) Time (min)

B 80 80 D 80 80
— Or47b? —_ b —_ Or47b? —
S X S S
< Or47b-GAL4 = < =
2 %7 uas-or47b o ® a 2® g ooy NS
: AF NI NE =
@ 40 S 40+ T= Q 40 S 40
2 S 2 S
£ 5 g Solvent 5 PA
g 3 20 2 20 3 20
a Or47b? 3 3 8 |Solvent

0 UAS-0r47b 0 0 0

| I N R |
0 40 80 120 GAL4 UAS Rescue ] 40 80 120
Time (min) Time (min)

Fig. 5. Palmitoleic acid is a stimulatory pheromone that promotes male courtship
Single-pair courtship assays with a 7-day old naive male and a 2-day old virgin female.

Cumulative copulation rates are plotted against time (left panels). Final copulation rates are
shown with lines connecting results from parallel experiments (right panels). (A) Copulation
rates of Or47b mutant males were significantly lower than that of WT controls. (B) Genetic
rescue of Or47b mutation restored the copulation rate. Data were from 6 experiments, 13 to
30 pairs of flies per experiment, 149-164 pairs per genotype. Significant differences
(p<0.05) are denoted by different letters, ANOVA followed by Tukey’s test. (C-D)
Perfuming the mating chamber with palmitoleic acid (PA) increased the copulation rate of
WT (C) but not Or4767 mutant males (D). Solvent control: ethanol. Results are from 5
parallel experiments, 19-25 pairs of flies per experiment, 119-125 pairs per condition.
Paired #test, **, p<0.01.
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Fig. 6. Sensitivity of male Or47b ORNSs increases with age
(A-B) Single-sensillum recording from the at4A ORNSs that express Or47h. Palmitoleic

acid-evoked spike responses in 2-day old (A) and 7-day old (B) males. Corresponding spike
rasters (middle) and peri-stimulus time histogram (bottom, binned at 50 ms) are shown
below the sample traces (n=21). (C-D) Palmitoleic acid-evoked calcium response at the
Or47b axon terminals in 2-day old (C) and 7-day old (D) males. Dose-response curves
comparing Or47b ORN spike responses (E) or calcium responses at ORN axonal terminals
(F) between 2-day and 7-day old males (*, p<0.05; **, p<0.01; ***, p<0.001, £test). (G) As
in (F), imaging from female flies. Meanz s.e.m. (n=7-9 for imaging). Dose response
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comparisons between 2-day and 7-day old flies are from parallel experiments (palmitoleic
acid: 4.5 ng to 450 pg).
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Fig. 7. Juvenile hormone regulates Or47b neuronal sensitivity to confer copulation advantage
(A) Palmitoleic acid-evoked calcium responses at the Or47b axon terminals in 7-day old

males treated with solvent (ethanol) or precocene. (B) Dose-response curves of Or47b ORN
in response to palmitoleic acid. Precocene significantly decreased the response magnitude of
Or47b ORNs, meant s.e.m. (n=8-9). (C) Copulation percentage of precocene-treated 7-day
old males. (D-F) Similar to (A-C), with 2-day old males treated with methoprene. (D-E)
Methoprene markedly enhanced the response magnitude of the Or47b ORNSs to palmitoleic
acid, compared to control, mean+ s.e.m. (n=8-9). (F) Methoprene conferred a copulation
advantage on WT but not Or4762 mutant males. For imaging experiments, statistical
significance was determined by #test (*, p<0.05; **, p<0.01). For behavioral experiments,
Chi-square test was used to determine significance above chance (dashed lines in C and F).
Results are from five parallel experiments, 20-22 matches per experiment.
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Figure 8. Methoprene-tolerant (Met) is required for age-dependent sensitization of Or47b ORNs
(A) Raster plots and peri-stimulus time histograms of Or47b spike responses of controls

(UAS-Met-RNAior Or47b-GAL4) and Met RNAI knock-down males (Or47b-GAL4 UAS-
Met-RNA)). (B) Comparison of the average spike responses to palmitoleic acid (4.5 ug)
between 7-day old control (UAS-Met-RNAI) and Met RNAI knock-down males. Traces are
smoothed and binned at 50 ms; line width represents s.e.m. (C) Dose-response curves, mean
+ s.e.m. (n=10). Results are from parallel experiments. *, p<0.05; ***, p<0.001, ANOVA
test. (D) Courtship competition assay between two 7-day old males of indicated genotypes.
Chi-square test was used to determine significance above chance (dashed line). Results are
from six parallel experiments, 11-21 successful matches per experiment. Significant
differences (p<0.05) are denoted by different letters, ANOVA followed by Tukey’s test.
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