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Social context enhances hormonal modulation of pheromone 
detection in Drosophila

Sachin Sethi1, Hui-Hao Lin1, Andrew K. Shepherd1, Pelin C. Volkan2,3, Chih-Ying Su1, Jing 
W. Wang1,*

1Neurobiology Section, Division of Biological Sciences, University of California San Diego, La 
Jolla, CA 92093, USA

2Department of Biology, Duke University, Durham, NC 27708, USA

3Department of Neurobiology, Duke University, Durham, NC 27708, USA

Summary

Critical to evolutionary fitness, animals regulate social behaviors by integrating signals from both 

their external environments and internal states. Here we find that population density modulates the 

courtship behavior of male Drosophila melanogaster in an age-dependent manner. In a competitive 

mating assay, males reared in a social environment have a marked advantage in courting females 

when pitted against males reared in isolation. Group housing promotes courtship in mature (7-day) 

but not immature (2-day) males; this behavioral plasticity requires the Or47b pheromone receptor. 

Using single-sensillum recordings, we find that group housing increases the response of Or47b 

olfactory receptor neurons (ORNs) only in mature males. The effect of group housing on olfactory 

response and behavior can be mimicked by chronically exposing single-housed males to an Or47b 

ligand. At the molecular level, group housing elevates Ca2+ levels in Or47b ORNs, likely leading 

to CaMKI-mediated activation of the histone-acetyl transferase CBP. This signaling event in turn 

enhances the efficacy of juvenile hormone, an age-related regulator of reproductive maturation in 

flies. Furthermore, the male-specific Fruitless isoform (FruM) is required for the sensory plasticity, 

suggesting that FruM functions as a downstream genomic coincidence detector in Or47b ORNs—

integrating reproductive maturity, signaled by juvenile hormone, and population density, signaled 

by CBP. In all, we identify a neural substrate and activity-dependent mechanism by which social 

context can directly influence pheromone sensitivity, thereby modulating social behavior 

according to animals’ life-history stage.
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eTOC Blurb

Sethi et al. show that molecular pathways signaling population density (CaMKI/CBP) and 

reproductive maturity (juvenile hormone) are integrated in male Or47b ORNs to modulate 

pheromone detection, and thereby regulate courtship in Drosophila. Such integration allows 

coordination of mating behavior with both social context and internal hormonal state.
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Behavioral flexibility; social context; group housing; juvenile hormone; CBP; CaMKI; Fruitless

Introduction

Flexibility of social behavior in changing environments and physiological states is critical to 

reproductive success and evolutionary fitness. Recent studies advanced our understanding of 

how individual contextual inputs—such as mating status [1], hormonal state [2], population 

density [3–5], and prior experience [6]—modulate the display of social behaviors. The 

influence of environmental cues on social behavior is highly dependent on the physiological 

state of the animal. However, the cellular and molecular mechanisms that underlie the 

integration of extrinsic and intrinsic inputs remain poorly understood.
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Changes in social environment, such as fluctuations in population density, have a profound 

impact on mating and aggression behaviors in group-living animals [7]. Recent studies 

identified key neural circuits and molecules involved in the modulation of aggression by 

social isolation [3–5,8]. Social context is also known to influence many aspects of male 

courtship in Drosophila [9–15]. For example, prior exposure to other male flies modulates 

the courtship display and enhances the duration of copulation [11–14]. These adaptations 

allow male flies to adjust their courtship intensity in accordance with rival competition and 

reproductive opportunity.

To address how external social cues are integrated with internal state, we focused on the 

courtship-promoting Or47b ORNs to investigate the effects of age and housing condition on 

reproductive behavior in male Drosophila. ORNs are often required for the contextual 

modulation of social behaviors [6,8,16], and several lines of evidence suggest that age-

dependent plasticity in Or47b ORNs underlies contextual modulation of courtship behavior 

[17,18]. Among the ~50 ORN types in the adult olfactory system, Or47b neurons exhibit 

uncommon anatomical and physiological plasticity [17–19]. Anatomically, the glomerulus 

innervated by Or47b ORNs increases in size with age [17]. Physiologically, male Or47b 

ORN responses also increase in an age-dependent manner, leading to higher pheromone 

sensitivity in older individuals at their fertility peak [18]. This increase in Or47b response is 

mediated by juvenile hormone, a pleiotropic hormone that also regulates the reproductive 

maturity in adult Drosophila [18,20]. Notably, such plasticity occurs only in males but not 

females [18,21], and likely arises from the expression of FruM, a male-specific isoform of 

the fruitless transcription factor required for many aspects of male courtship behavior [21]

[22]. Finally, because Or47b ORNs respond to fly pheromones [18,23], their neural activity 

level may encode population density. Therefore, it is possible that Or47b ORN is a neural 

substrate which integrates social context and reproductive maturity to regulate pheromone 

detection and courtship behavior.

In this study, we find that group housing elevates Or47b pheromone responses in mature 

males, but not in females or young males. Remarkably, the effect of group housing can be 

mimicked by raising single-housed males in the presence of palmitoleic acid, a pheromone 

ligand for Or47b ORNs. Mechanistically, group housing increases intracellular Ca2+ levels 

in Or47b neurons to activate Ca2+/calmodulin-dependent protein kinase I (CaMKI) and 

CREB binding protein (dCBP), creating a permissive intracellular environment which 

enhances the efficacy of juvenile hormone. Furthermore, we find that FruM expression levels 

determine Or47b response and are regulated by juvenile hormone signaling. Our study 

describes a molecular mechanism by which internal state (age/sexual maturity) and social 

context (population density) synergistically regulate the expression of the male-specific 

transcription factor FruM. This mechanism allows male flies to adjust their sensitivity to 

aphrodisiac pheromones in accordance with their reproductive maturity and social 

environment.
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Results

Group housing enhances pheromone response of Or47b neurons in mature males

We first investigated the effect of housing density on Or47b response. Flies were raised for 7 

days either in same-sex groups of 15 (group housing, GH) or in isolation (single housing, 

SH). We measured odor-evoked spike responses of individual Or47b ORNs to palmitoleic 

acid, an aphrodisiac pheromone that stimulates male courtship [18]. We found that group 

housing increased the pheromone sensitivity of Or47b ORNs in males but not females 

(Figures 1A and 1B; Figure S1). By varying the group size from 5 to 25 in increments of 5, 

we found that a minimum group size of 10 was required to induce a higher response in 

males when compared to single-housed males (Figures 1C and 1D; Figure S2A). In contrast, 

none of the examined housing conditions altered Or47b responses in females (Figures 1C 

and 1D; Figure S2A). In addition to Or47b ORNs, we examined Or67d and Or88a ORNs 

that also respond to fly pheromones [24]. Responses of Or67d and Or88a neurons did not 

increase under similar housing conditions (Figure S3), suggesting that Or47b neurons are 

unique among pheromone-sensing ORNs in their adaptive responses to housing density.

We next investigated the effect of group housing on males of different ages. Adult males 

were raised in groups of 15 or in isolation from eclosion up to 10 days of age. In males aged 

5–10 days but not younger, we observed that group-housing increased their Or47b responses 

when compared to single-housed controls (Figures 1E and 1F). This result is consistent with 

our previous study indicating that Or47b responses are higher in males at the age of 7 days 

compared to those at 2 days [18]. In Drosophila melanogaster males, the peak of both 

courtship activity and fertility is reached around 7 days post-eclosion [25,26], an age we 

therefore refer to as mature.

Does group housing-induced sensitization of Or47b neurons translate into a higher mating 

drive? Using an established behavioral assay that measures the differential courtship 

motivation between two males (Figure 1G; [18]), we found that group-housed males had a 

higher copulation rate than single-housed males at the age of 7 days but not 2 days (Figure 

1H), consistent with the observation that group housing-induced Or47b sensitization 

occurred in 7-day but not 2-day old males (Figure 1F; Figure S2B). These results suggest 

that the effect of group housing on courtship in males is mediated by changes in Or47b 

pheromone responses. Indeed, we found that group housing did not affect the copulation rate 

of Or47b mutant males at either age (Figure 1H).

This age-dependent disparity in group-housing effect can in principle arise from differences 

in the duration of social experience or in the age of flies when group housing takes place. To 

distinguish between these two possibilities, we first investigated the impact of different 

group-housing durations. Flies that were group housed for 7 days had higher Or47b 

responses when compared to flies group housed for only one day, but not for two or more 

days (Figure S2C). This result demonstrates that group housing for 2 days is sufficient to 

enhance Or47b response.

Next, to determine the importance of age when social encounter commences, we group 

housed males of different ages for a fixed duration of 2 days. We found that two days of 
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group housing was sufficient to enhance Or47b responses in 4-day, 6-day and 8-day old 

males but not in 2-day old males (Figure 1I). This observation argues for a minimum age at 

which group housing can sensitize Or47b ORNs. Collectively, these results show that male 

Or47b ORNs can integrate age and population density information to adapt their pheromone 

responses. Specifically, group housing enhances Or47b pheromone responses in mature 

males, allowing for an age-dependent modulation of courtship behavior by prior exposure to 

other flies.

Group-housing effect can be mimicked by chronic exposure to an Or47b ligand

What is the input signal that leads to the adaptive Or47b responses to group housing? Given 

that Or47b is a pheromone receptor, group-housed flies are likely exposed to higher levels of 

Or47b ligands such as palmitoleic acid (PA) than single-housed flies. We therefore 

hypothesized that the group-housing effect is mediated by chronic exposure to Or47b 

ligands, which trigger activity-dependent plasticity in Or47b ORNs. In support of our 

hypothesis, single-housed males raised in vials perfumed with palmitoleic acid had higher 

Or47b responses compared to control males (Figures 2A and 2B). Furthermore, the effect of 

PA exposure is age-dependent and observed in 7-day but not 2-day old males (Figures 2C 

and 2D). This result suggests that in mature males, PA-evoked activity initiates a positive 

feedback mechanism which enhances Or47b pheromone sensitivity.

Next, we determined if chronic exposure to PA is sufficient to enhance courtship behavior in 

single-housed males. In courtship competition assays using wildtype males, we found that 

flies exposed to PA had a higher copulation rate than control males (Figure 2E). In contrast, 

chronic PA exposure did not alter the copulation rate of Or47b mutants (Figure 2E), 

suggesting that Or47b sensitization is required for the courtship enhancement. As with group 

housing, we found that the effect of PA exposure was sexually dimorphic; raising single-

housed females in PA-perfumed vials did not result in enhanced Or47b responses (Figure 

S4A). Notably, female and male flies carry similar amounts of PA and other Or47b ligands 

[18,23], suggesting that the dimorphic Or47b plasticity is likely mediated by the genetic 

differences between the two sexes instead of differing PA levels in the environment. In 

summary, these results indicate that heightened levels of Or47b ligands in group-housing 

conditions are sufficient to sensitize Or47b ORNs in mature males.

CaMKI and dCBP are both required for the group-housing effect

We next determined the molecular mechanisms which underlie the sensitization of Or47b 

ORNs. Given that calcium signaling is typically required for activity-dependent neuronal 

plasticity [27], we first asked whether group-housed males have higher baseline calcium 

levels in their Or47b neurons. Using CaLexA, a transcriptional reporter of intracellular Ca2+ 

[28], we observed that group housing enhanced Or47b neuronal calcium levels in 7-day but 

not 2-day males (Figure 3A). To determine the subsequent signaling events following rising 

intracellular Ca2+, we first focused on Ca2+/calmodulin-dependent protein kinases (CaMKs), 

which have known functions in mediating activity-dependent gene expression [27,29]. In 

particular, CaM kinase signaling has been implicated in regulating gene expression 

downstream of the Or47b receptor [30]. We found that a loss-of-function mutation in 

CaMKI reduced Or47b ORN responses in 7-day, group-housed males (Figure 3B). Similarly, 
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RNAi-mediated knockdown of CaMKI in Or47b neurons lowered the pheromone response 

of group-housed males to that of single-housed males (Figure 3C). Moreover, CaMKI 

knockdown precluded the effect of chronic PA exposure (Figure S4B). In comparison, 

CaMKII knockdown did not have any effect on Or47b response in 7-day group-housed 

males (Figure S4C). These data collectively suggest that group housing elevates Or47b 

pheromone response by means of activity-dependent CaMKI signaling.

To identify the signaling molecules downstream of CaMKI, we examined Drosophila CREB 

binding protein (dCBP, also known as nejire). CBP is a lysine acetyltransferase that 

functions as a transcriptional co-activator in a variety of physiological processes [31]. In 

addition, CBPs can directly acetylate histones and participate in chromatin remodeling, 

thereby regulating gene expression [32]. The vertebrate homolog of Drosophila CaMKI is 

known to phosphorylate and activate CBP, which in turn initiates transcription in response to 

neuronal activity [33]. Furthermore, dCBP is also involved in regulating gene expression 

downstream of the Or47b receptor [30]. We found that RNAi-mediated knockdown of dCBP 

in the Or47b neurons of group-housed males reduced their responses to a level similar to 

that of single-housed males (Figure 3D). Moreover in courtship competition assays, dCBP 

knockdown eliminated the difference in the copulation rate between group- and single-

housed males (Figure 3E). Together, these data support a model in which group housing 

enhances courtship behavior by activating a CaMKI-dCBP signaling pathway in male Or47b 

ORNs (Figure 3F).

Juvenile hormone signaling is required for the effect of group housing on Or47b ORNs

Why is the group-housing effect observed only in mature males but not in younger, 2-day 

old males? Given that Or47b ORNs adapt their responses to changes in housing density in 

an age-dependent manner (Figure 1), we hypothesize that the signaling events initiated by 

the two conditions interact to modulate Or47b responses. Age-dependent sensitization in 

Or47b ORNs is mediated by juvenile hormone [18], a pleiotropic hormone that also 

regulates reproductive maturity in adult flies [20]. For adult males, juvenile hormone levels 

are low at eclosion, increase with age, and return to baseline at 10 days [34]. To determine if 

juvenile hormone signaling is required for activity-dependent Or47b plasticity, we knocked 

down the juvenile hormone receptor, Methoprene-tolerant (Met) [35], in Or47b ORNs. This 

manipulation abolished the effect of chronic PA exposure (Figure 4A), suggesting that 

juvenile hormone signaling is also required for the effect of group-housing. If a low level of 

juvenile hormone in immature males renders them insensitive to group housing, then treating 

2-day old males with methoprene, a juvenile hormone analog (JHA), should augment their 

Or47b ORN responses by group housing. In support of this hypothesis, treating 2-day old 

males with 2.5 μg of JHA increased their Or47b responses following chronic PA exposure 

(Figure 4B). These results suggest that the two molecular pathways—one signaling 

population density and the other fly age—are both required for the activity-dependent Or47b 

neuronal plasticity.

Group housing enhances the efficacy of juvenile hormone signaling

What then is the nature of interaction between these two signaling pathways? Do they 

operate in synergy? Can strong activation of one pathway compensate for the low signaling 
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level of the other? To address these questions, we first investigated the efficacy of hormonal 

signaling in 2-day old males by systematically manipulating JHA dosage and housing 

conditions. We found that JHA treatment was more effective in enhancing Or47b ORN 

responses in group-housed males, when compared to their single-housed counterparts 

(Figure 4C). These results indicate that the two signaling pathways functionally interact in a 

synergistic manner. Surprisingly, a higher dosage (25 μg) of JHA was able to enhance Or47b 

responses even in single-housed males (Figure 4C), suggesting that a high level of hormonal 

signaling can compensate for low levels of neuronal activity. In addition, chronically 

exposing single-housed males to PA enhanced the efficacy of JHA in the sensitization of 

Or47b ORNs (Figure 4D). Given that dCBP is required for the group-housing effect (Figures 

3D and 3E), its absence should reduce the efficacy of juvenile hormone signaling. As 

expected, RNAi-mediated knockdown of dCBP in Or47b ORNs reduced the effect of JHA 

treatment in group-housed males (Figure 4E). These results suggest that in Or47b ORNs, the 

crosstalk between dCBP and juvenile hormone signaling is central to the integration of 

housing density and fly age.

To further determine the relative contribution of neuronal activity and juvenile hormone 

signaling, we systematically varied the strength of these two inputs in single-housed young 

flies (Figure 4F). We raised 2-day old males in vials containing varying amounts of PA (0–

10 μg) and JHA (0–25 μg). In the absence of JHA treatment, increasing PA levels did not 

alter Or47b response (Figure 4F), indicating that neuronal activity, and by extension dCBP 

activation, is not sufficient to enhance Or47b response. In contrast, a high-dose of JHA 

treatment was sufficient to sensitize Or47b pheromone response in the absence of exogenous 

PA exposure (Figure 4F). Notably, treatment with 2.5 μg JHA enhanced odor responses of 

flies raised in PA-perfumed vials (0.1–10 μg), while either treatment alone did not affect 

Or47b responses (Figure 4F). This result further argues for a synergistic interaction between 

juvenile hormone signaling and neuronal activity, while the compensation of low Or47b 

activity by 25μg JHA (Figure 4D) highlights an asymmetry between these two pathways.

Thus far, our findings show that: (1) a juvenile hormone receptor is required for the effect of 

chronic PA exposure (Figure 4A), (2) group housing alone is not sufficient to enhance Or47b 

response in immature males (Figure 4F), and (3) dCBP is required for group housing to 

enhance the efficacy of juvenile hormone (Figure 4E). Based on these results, we propose a 

model whereby dCBP activation by group housing plays a permissive role in Or47b ORNs, 

giving rise to an intracellular environment that facilitates juvenile hormone signaling (Figure 

4G). As such, when juvenile hormone signaling is abolished or at a low level, as in the case 

of Met knockdown or in 2-day old males, dCBP activation alone is not sufficient to regulate 

Or47b pheromone responses.

FruM expression levels determine Or47b response

A striking feature of the adaptive Or47b pheromone response is its sexual dimorphism: 

housing density and age only affect the Or47b ORNs of males but not females ([18]; Figures 

1C and 1D). What then could be the molecular basis of this sex difference? Given that FruM 

is expressed in Or47b ORNs ([21], Figure 5A), it likely plays a role in regulating the male-

specific adaptive responses. To test this hypothesis, we first feminized Or47b neurons by 
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ectopically expressing the female splicing factor Transformer (TraF), and found that this 

manipulation suppressed odor response in group-housed mature males (Figure 5B). In 

addition, we observed a dosage effect of FruM expression on Or47b responses; the evoked 

spike frequency was the lowest in FruM homozygous mutants (fruF/fruF), followed by 

heterozygous mutants (fruF/+) and then wild type controls (all 7-day old, group-housed 

males, Figure 5C). This haploinsufficiency raises the possibility that FruM expression level 

in Or47b ORNs is a limiting factor in regulating the pheromone sensitivity in a cell 

autonomous manner.

The observation that heterozygous mutant males have an intermediate phenotype led us to 

hypothesize that group housing upregulates FruM expression, which in turn gives rise to the 

elevated pheromone responses in Or47b neurons. This hypothesis is also supported by the 

observation that FruM expression in Or47b ORNs is reduced in Or47b receptor mutant flies, 

suggesting that neuronal activity is required for sustaining FruM expression in adult Or47b 

neurons [30]. To test this hypothesis, we devised a genetic approach to manipulate FruM 

expression levels in Or47b ORNs. FruM knockdown reduced Or47b responses in group-

housed but not single-housed males (Figure 5D). If FruM is a limiting factor that regulates 

Or47b response plasticity, overexpression of FruM in single-housed males should then 

enhance their pheromone responses. To overexpress FruM, we used Or47b-GAL4 to drive 

the expression of dCas9-VPR, a genetically engineered molecule capable of recruiting 

transcriptional activation machinery. Two single-guide RNAs (sgRNAs) were ubiquitously 

expressed to target dCas9-VPR upstream of the P1 promotor of the fruitless gene, allowing 

for overexpression of FruM only in Or47b ORNs ([36], Figure S5A). Indeed, dCas9-

mediated overexpression of FruM was sufficient to enhance Or47b response in single-housed 

males regardless of their age (Figure 5E; Figure S5B). As an alternative approach, we 

generated a knock-in UAS transgenic line (Figure S5C) to overexpress FruM in Or47b ORNs 

from its endogenous locus, and found that this manipulation yielded a similar outcome 

(Figure S5D). Together, these results indicate that pheromone sensitivity in adult Or47b 

ORNs is determined by FruM expression levels. Thus, FruM appears to have a post-

developmental function in fine-tuning neuronal physiology.

dCBP and juvenile hormone signaling require FruM to elevate pheromone responses

Having determined the relationship between FruM expression level and Or47b pheromone 

sensitivity, we next asked whether FruM operates downstream of dCBP (group housing/

neuronal activity) and juvenile hormone signaling (age). This hypothesis is supported by 

multiple lines of evidence. Firstly, juvenile hormone signaling can enhance FruM expression 

in adult male neurons [37]. In addition, the effect of group housing on Or47b response 

requires CaMKI-dCBP (Figure 3), a signaling pathway that also modulates FruM expression 

in Or47b neurons [30]. Furthermore, dCBP can directly bind upstream of the fru-P1 

promoter in adult males ([38], modEncode).

To test whether FruM expression is required for the effect of JHA treatment, we feminized 

Or47b ORNs by ectopically expressing TraF, and found that this manipulation abolished 

JHA-induced sensitization (2-day old, group-housed males, Figure 6A), Conversely, 

overexpression of FruM abolished the reduction in Or47b pheromone response caused by 
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Met knockdown (7-day old, group-housed males, Figure 6B) Likewise, the response 

reduction caused by dCBP knockdown was also abolished by FruM overexpression (7-day 

old, group-housed males, Figure S6A). Thus, FruM operates downstream of juvenile 

hormone and dCBP signaling.

Furthermore, if juvenile hormone signaling influences the pheromone response of Or47b 

ORNs through FruM expression, manipulating the former should affect the latter. We 

therefore measured mRNA levels of FruM in fly antennae with RT-qPCR. Indeed, knocking 

down Met expression in Or47b neurons reduced FruM expression (Figure 6C). Our findings 

support a model in which the two signaling pathways—one communicating housing 

condition and the other signaling hormonal state—act in concert to regulate the expression 

of FruM in Or47b ORNs. Thus, the FruM locus may function as a genomic coincidence 

detector that integrates social context with reproductive maturity to adapt Or47b pheromone 

responses in a sexually dimorphic manner (Figure 6D).

Discussion

Modulation of physiology and behavior by population density is a conserved feature across 

animal species [39,40]. Here we find that group housing promotes male courtship in 

Drosophila. From an evolutionary standpoint, it is beneficial for male flies to elevate their 

mating drive in an environment of high population density, likely to gain a competitive edge 

over an increased number of rivals. Conversely, a low population density may signal an 

environment of scarce reproductive opportunity in which flies may lower their pheromone 

sensitivity to prioritize other survival behaviors. In addition to its ethological significance, 

our study also identifies a signaling cue for population density—the levels of a fly 

pheromone—which by itself recapitulates the effect of group housing on Or47b ORN 

sensitization.

In Drosophila, neural circuits underlying male courtship behavior are orchestrated by FruM. 

Prior efforts have largely been focused on understanding its developmental role in 

organizing sex-typical behavior [22,41]. For example, FruM promotes male fate by inhibiting 

cell death, altering dendritic arborization and instructing synaptic connectivity [41–43]. 

Although FruM is expressed in the adult brain [21], its function in mature neurons is largely 

unknown. In this study, we find that FruM directly regulates the responses to aphrodisiac 

pheromones in adult ORNs. Our results suggest that FruM expression level is regulated by 

social context, thereby allowing neuronal properties to be fine-tuned in mature neurons. 

These findings are in agreement with the observation that FruM regulates the expression of 

several genes that are known to control neuronal physiology [44]. Taken together, our results 

highlight a novel function for FruM in adulthood, which directly impacts social behavior 

beyond its previously established roles during development.

Our study uncovers an interaction between dCBP and juvenile hormone signaling that 

underlies the integrative effect of age and social context on courtship behavior. The critical 

role of dCBP in the adaptive Or47b response suggests an epigenetic mechanism that allows 

for modulation of pheromone detection by social context. Such neuronal plasticity induced 

by high population density may enable animals to adapt to environmental changes at a rate 
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faster than that afforded by genetic changes under selection pressure [45]. How might dCBP 

regulate juvenile hormone signaling? One possibility is that dCBP activation leads to 

chromatin modification by means of histone acetylation, thereby enhancing the accessibility 

of enhancers upstream of the fruitless P1 promoter to juvenile hormone receptors. dCBP 

may also function as a transcriptional co-activator that forms a complex with juvenile 

hormone receptors to enhance the expression of FruM in Or47b ORNs. A similar interaction 

between CBP and juvenile hormone signaling is likely at play in the red flour beetle, where 

knockdown of CBP reduces expression of several juvenile hormone-responsive genes [46]. 

In mammals, CBP can enhance the transcriptional activity of sex hormone receptors [47,48]. 

Thus, activity-dependent modulation by CBP may represent a conserved mechanism for 

generating hormone-mediated polyphenism, a phenomenon wherein distinct phenotypes are 

produced by the same genotype [49]. In the context of hormone signaling, our study 

suggests a novel means by which social experience impacts reproductive behaviors by 

modulating the interaction between a hormone receptor and its target genes [50].

Sex-typical behaviors in mammals are controlled by sex hormones that organize the 

developing brain and control the activation of the underlying neural circuits in adults, while 

genetic sex plays a minor role in modulating mammalian reproductive behaviors [51]. In 

contrast, courtship display in insects like Drosophila was long considered to be determined 

entirely by genetic sex [51]. However, this view has evolved in light of a growing body of 

evidence implicating the activational effect of juvenile hormone on insect reproductive 

behaviors [52]. The molecular pathway described here illustrates how juvenile hormone 

activates the Or47b olfactory circuit exclusively in males by promoting the expression of 

FruM. On the basis of these findings, we propose that genetic sex plays a dominant role in 

sculpting sex-typical behavior, whereas reproductive hormones modulate the vigor of the 

behavioral display in Drosophila.

STAR Methods

LEAD CONTACT AND MATERIALS AVAILABILITY

Materials (fly lines, plasmids) generated in this study are available upon request and will be 

deposited with commonly used stock centers. Further information and requests for resources 

and reagents should be directed to and will be fulfilled by the Lead Contact, Jing W. Wang 

(jw800@ucsd.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Vinegar flies, Drosophila melanogaster, were raised on standard fly food (containing yeast, 

cornmeal, agar and molasses) at 25°C in a 12:12 light-dark cycle in cylindrical glass vials 

(24 mm diameter, 94 mm height). Glass vials were filled with 8 to 10 mL of fly food and 

plugged with cotton balls. Flies were collected within 12 hours of eclosion, separated by sex 

and raised either in isolation (1 per vial) or in groups of 15 (unless otherwise indicated). All 

flies were flipped every 24 hours to avoid the potential effect of odor build up on single 

housed flies. Wild-type males were in the Berlin background. The following transgenes were 

used in this study - or47b2 (BDSC_51306) [53], Or47b-GAL4 (RRID:BDSC_9984, 

BDSC_9983) [54], 13XLexAop2-6XGFP (RRID:BDSC_52265) [55], 10XUAS-mLexA-
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VP16-NFATdC (this study), UAS-CaMKI-RNAi (TRiP.JF02268 - BDSC_26726) [56], 

UAS-dCBP-RNAi (RRID:BDSC_32576) [57], UAS-Met-RNAi (VDRC_100638), ey-FLP 

(RRID:BDSC_5580), Tb-(FRT-GAL80-FRT)-STOP (RRID:BDSC_38880) [58], UAS-TraF 

(RRID:BDSC_4590) [59], fruF (RRID:BDSC_66873) [60], UAS-fru-miRNA [61], U6-fru-

sgRNA (RRID:BDSC_80225) [36], UAS-dCas9-VPR (RRID:BDSC_66561) [36], 

CaMKI[EY07197] (RRID:BDSC_16799) [62], UAS-CaMKII-RNAi (RRID:BDSC_29401) 

[56], fru[GAL4.P1] (RRID:BDSC_66696)[21], fru[UAS.P1] (this study). Detailed 

genotypes and rearing conditions of flies for each experiment are listed in Table S1.

METHOD DETAILS

Generation of transgenic reagents—To generate 10XUAS-mLexA-VP16-NFATΔC 

fly, mLexA-VP16-NFATΔC was cloned from the original CaLexA plasmid [28] and inserted 

into the pJRC81 plasmid. The original XbaI site in the pJFRC81 plasmid [63] was converted 

to a SpeI site using site-directed mutagenesis. mLexA-VP16-NFATΔC was cloned with 5’ 

Syn21-NotI and 3’ SpeI overhangs. The NFATΔC domain is composed of 1–588 amino 

acids of the human NFATc1 protein. The construct was transformed using phiC31 integrase-

mediated recombination into the attP2 landing site by Bestgene Inc. (Chino Hills, CA).

To generate the knock-in fru[UAS.p1] line, CRISPR-mediated mutagenesis was performed 

by WellGenetics Inc. (Taipei City, Taiwan) based on a previously published strategy with 

some modifications [64]. In brief, gRNA sequence CACATAAACGCAGTACATGG[TGG] 

was cloned into U6 promoter plasmid(s). Cassette RFP-20×UAS containing two loxP sites, 

3XP3-RFP, 20×UAS, hsp70 promoter, intervening sequences (IVS, introns) and two 

homology arms were cloned into pUC57-Kan as donor template for repair. fru/CG14307-

targeting gRNAs and hs-Cas9 were supplied in DNA plasmids, together with donor plasmid 

for microinjection into embryos of control strain w1118. F1 flies carrying selection marker 

of 3×P3-RFP were further validated by genomic PCR and sequencing. CRISPR generates a 

73 bp deletion in fru/CG14307 and is replaced by cassette RFP-20×UAS.

Single-sensillum recording—A step-by-step protocol for single-sensillum recordinghas 

been described previously [65]. In brief, a sharp aluminosilicate glass electrode containing 

artificial hemolymph solution [66] was inserted in the at4 sensillum to record odor-evoked 

changes in local field potential and spike responses. Odor cartridges were prepared by 

placing filter paper disks in truncated 200 μL pipette tips (53508–810, VWR, Radnor, PA). 

Ethanol (E7023, Sigma-Aldrich) was used as a solvent for all odorants and 4.5 μL of 

individual odorants of different concentrations was added to the filter paper disk and the 

cartridge was placed in a vacuum desiccator (VX-06514–30, Cole-Parmer, Vernon Hills, IL 

USA) for 60 minutes to evaporate the solvent prior to experiments. Odor cartridges were 

positioned with filter disks placed at a distance of 6–7 mm and pointed directly at the 

antenna. Odor stimulus was delivered via a 500-ms pulse of air (500 mL/min) directed 

through the odor cartridge towards the antenna in the presence of humidified air flow at 2 

L/min from a different direction. The following odorants were used in this study: trans-

palmitoleic acid (Cayman Chemical, 9001798, CAS 10030-73-6), methyl palmitate (Sigma-

Aldrich, P5177, CAS 112-39-0), and 11-cis-Vaccenyl Acetate (Cayman Chemical, 

10010101, CAS 6186-98-7).
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Individual spikes were sorted based on spike amplitude using Clampfit 10.7 (Molecular 

Devices). Sorted spikes were manually inspected to ensure accuracy. Evoked response was 

calculated as (2 × number of spikes during the 500 ms of odor stimulation) - (number of 

spikes during the period of 1000 ms before odor stimulation). Peri-stimulus time histograms 

(PSTHs) were calculated by averaging spike numbers in 50 ms time bins.

Courtship competition assay—Courtship experiments were conducted in a cylindrical 

mating chamber (2 cm in diameter and 1 cm in height) with a wire mesh at the bottom 

placed over a petri dish containing standard fly food. The courtship chamber has been 

previously described in detail [18]. All experiments were conducted under 660-nm dim red 

light at 25°C and 50 % relative humidity. Two naive males were placed in a courtship 

chamber with one 2-day old virgin Canton-S female. To facilitate identification of the males, 

one of the two males was dusted with a fluorescent dye (UVXPBR, LDP LLC, Carlstadt, 

NJ) 48 hours prior to experiment. Dye application was alternated between group- and single-

housed males on a trial-by-trial basis to minimize possible dye-induced behavioral bias. The 

identity of the male which copulated first with the female and the latency to copulation were 

manually recorded during a 2-hour observation period. Courtship chambers in which neither 

of the males copulated with the female during the 2-hour period were excluded from further 

analysis. Each experiment consisted of 20–29 parallel courtship matches. Mating advantage 

was indicated by the percentage of matches in which males of a given condition copulated 

with the female. Five to six independent trials were conducted for each experiment to allow 

statistical analysis of mating advantage among the two males.

Chronic odor exposure—A piece of filter paper (approximately 8×8 mm) was placed on 

the surface of fly food in standard fly vials. One microliter of a given odorant at the specified 

concentration was applied to the filter paper. Ethanol (E7023, Sigma-Aldrich) was used as a 

solvent to dilute the odorants. Flies were flipped into fresh vials containing the odorants 

every 24 hours.

Pharmacological manipulations of juvenile hormone—Methoprene (33375, Sigma-

Aldrich), 20 μL at given concentrations (between 0.00125% to 0.125% v/v), was applied to 

the surface of fly food. Ethanol was used as a solvent. The fly vials were placed in the fume 

hood for 2 hrs to evaporate the solvent. Flies were flipped into fresh vials containing 

methoprene or the solvent every 24 hours.

Histology—Fly brains were dissected in cold PBS, fixed first for 3 min in 4% (w/v) 

paraformaldehyde, followed by 3 min in 4% (w/v) paraformaldehyde containing 0.25% 

Triton-X-100. Fixation was facilitated by microwaving the sample on ice. Next, samples 

were placed in blocking solution (2% Triton X-100, 0.02% sodium azide and 10% normal 

goat serum in PBS) and degassed in a vacuum chamber for 15 minutes. This step was 

repeated for 6 times to remove air in the trachea. In CaLexA experiments, native GFP was 

imaged for quantification. Samples were mounted in Focusclear (Cedarlane Labs, Canada). 

Parallel experiments were conducted with samples processed and imaged on the same day. 

Samples were imaged with a 20×/0.75 objective using a Zeiss LSM 510 confocal 

microscope to collect Z-stacks at 2-μm intervals. Laser power and detector gain were held 
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constant to allow for comparison of GFP expression between samples. Maximum intensity 

Z-projection images were processed using ImageJ (NIH) and background-subtracted images 

were used to quantify GFP expression.

Quantitative RT-PCR—Male flies were collected within 12 hr of eclosion and aged 7 

days in group housing condition of 15 flies per vial. Anesthetized flies were dipped in liquid 

nitrogen and antennae were brushed off using a needle into a 1.5 ml centrifuge tube filled 

with liquid nitrogen. A single sample contained antennae collected from 50 flies and stored 

at −80°C. Each condition had 10 samples. mRNA was extracted from each sample using the 

QIAGEN RNeasy Mini and QIAGEN QIAshredder kits. A hand-held pestle drill was used 

during extraction. RNA yield was determined using a ThermoFisher Scientific NanoDrop 

spectrophotometer and cDNA was prepared using Invitrogen SuperScript VILO™ 

MasterMix. RT-qPCR was performed on the Bio-Rad CFX machine using iQ™ SYBR® 

Green Supermix from Bio-Rad and the following primer sets: fruP1 (forward primer - 

GCCACGCCCACTCGCATTAC, reverse primer - TGGTCAGTGTTGTACCTAG); and rp49 

(forward primer - AGGGTATCGACAACAGAGTG, reverse primer - 

CACCAGGAACTTCTTGAATC). rp49 served as a reference gene to which FruM was 

normalized. RT-qPCR was performed with each primer pair in three technical replicates for 

each cDNA sample. CT values were recorded with Bio-Rad CFX Manager software to 

determine relative transcript levels.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical results (p-value and n) are indicated in figure legends corresponding to each 

experiment. In cases where a dosage curve for odor concentration was performed, statistical 

tests comparing the experimental groups were performed for each concentration and the p-

value is indicated on the figure for conciseness. All statistical analyses were performed in 

Igor Pro (V.6, Wavemetrics). To determine the minimum sample size for SSR recording 

experiments, we used power analysis based on pilot data (GPower 3.1, [67]). For 

experiments with one factor (f=0.68, α=0.05, power=0.95): 13 samples each are required (3 

conditions); 14 samples each are required (4 conditions). For experiments with two factors, 

n=13 per condition is required to determine interaction between the two factors for 12 (4×3) 

conditions (f=0.3, α=0.05, power=0.80, df=6); n=16 per condition is required to determine 

interaction between the two factors for 8 (4×2) conditions (f=0.26, α=0.05, power=0.80, 

df=3).

To fit dosage response curves to the experimental data, we used Hill equation fitting (Igor 

Pro V.6, Wavemetrics). Using free fitting parameters on the pooled data showed in Figure 

S1, we determined that group housed and single housed Or47b neuron dosage-response 

curves have the same rate but differ in their Vmax. Based on this initial characterization, we 

fit all dosage-response curves using mean responses at each odor concentration with the 

same parameters (base=0, rate=0.5). The dosage-response curves were made for illustration 

purpose only and were not used for any statistical analysis.
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DATA AND CODE AVAILABILITY

Raw data for single-sensillum recording experiments are available upon request to the Lead 

Contact.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Group housing enhances courtship motivation in mature but not immature 

males.

• Group housing elevates the pheromone response of Or47b ORNs only in 

mature males.

• CaMKI/CBP pathway synergizes with juvenile hormone in sensitizing Or47b 

ORNs.

• FruM levels fine-tune pheromone sensitivity according to both fly density and 

age.
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Figure 1. Group housing enhances pheromone responses of Or47b ORNs in mature males.
(A, B) Effect of housing condition on pheromone responses in the Or47b neurons of 7-day 

old males and females. GH: group-housed, 15 flies per vial. SH: single-housed, flies were 

raised in isolation. (A) Sample traces (top panel), peri-stimulus time histogram (PSTH, 

middle panel) and spike rasters (bottom panel) of Or47b neurons in WT males and females. 

(B) Dosage-response curves comparing male and female flies under GH or SH conditions. 

Odor stimulation: 4.5 ng to 450 μg palmitoleic acid (PA). n = 17 flies per condition.

(C, D) Effect of housing density on Or47b response. WT flies were raised for 7 days either 

in isolation or in same-sex groups of 5 to 25 flies. n = 16 flies for males, n = 12 flies for 

females.

(E, F) Effect of age and housing condition on Or47b response. WT males were raised in 

groups of 15 or in isolation from eclosion to different ages. n = 20 flies for each condition.
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(G, H) Courtship competition assay with one virgin female and two naïve males. The 

copulation percentages of group-housed males (♂1) are shown with the age and genotypes 

of the males indicated above. Chi-square test was used to determine if copulation percentage 

was different from chance. p-values are indicated below. Bars indicate mean copulation 

percentage. Dots represent results from individual experiments. n = 5 experiments per 

condition, 12–26 matches per experiment. Dashed line indicates chance level.

(I) Effect of 2-day group housing on Or47b pheromone response in male flies of different 

age. Filled bars indicate group housing. n=15 flies per condition.

Significant differences are denoted by ***, p<0.001 (B) or different letters (p<0.05) (D, F, 

H), determined by two-way ANOVA followed by Tukey’s post-hoc test. For (I) *, p<0.012, 

**, p<0.002 as determined by two-tailed unpaired t-test with Bonferroni correction. 45 μg 

PA was used as the odor stimulus unless specified otherwise. Data are presented as mean 

±SEM. Line width in PSTH indicates SEM.

See also Figures S1–S3 and Table S1.
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Figure 2. Chronic exposure to an Or47b ligand is sufficient to enhance pheromone response and 
mating drive in mature males.
(A, B) Effect of chronic exposure to palmitoleic acid (PA) on pheromone responses in Or47b 

neurons. (A) Newly eclosed male flies were single housed in vials containing filter paper 

blotted with solvent (left) or 1 μg PA (right) for 7 days. Sample traces (top panel), peri-

stimulus time histogram (PSTH, middle panel) and spike rasters (bottom panel) of Or47b 

ORNs in males housed with solvent or PA. (B) Dosage-response curves comparing Or47b 

ORN responses in males housed with solvent or 1 μg PA. Odor stimulation: 4.5 ng to 450 μg 

palmitoleic acid (PA). n = 13 flies per condition.

(C, D) Effect of chronic exposure to 0–10 μg PA on Or47b ORN responses in 7-day and 2-

day single-housed males. Flies were exposed to varying amounts of PA from eclosion until 

the time of experiment. n=18 flies for each condition.

(E) Courtship competition assay between two males: ♂1 - exposed to 1 μg PA for 5 days, ♂2 

- exposed to solvent alone. Both males in the assay were either WT or Or47b mutants. The 

copulation percentages of males exposed to PA (♂1) are shown. Bars indicate mean 

copulation percentage. Dots represent results from individual experiments. n=6 experiments 

per condition, 12~20 matches per experiment. Comparison between WT and Or47b mutant 

males was made using two-tailed unpaired t-test and significant difference is indicated as 

different letters (p<0.05). Chi-square test was used to determine if copulation percentage 

was different from chance and p-values are indicated below.

Significant differences for recording experiments are denoted by *, p<0.05; **, p<0.01; ***, 

p<0.001 as determined by unpaired two-tailed t-test (B) or different letters (p<0.05) as 

determined by two-way ANOVA followed by Tukey’s post-hoc test (D). 45 μg PA was used 
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as the odor stimulus unless specified otherwise. Data are presented as mean ±SEM. Line 

width in PSTH indicates SEM.

See also Figure S4.
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Figure 3. CaMKI and dCBP are required for the effect of group housing on Or47b pheromone 
response and courtship behavior.
(A) Effect of housing condition on intracellular Ca2+ concentration of Or47b neurons in 7-

day and 2-day old males. Pseudocolor images show GFP fluorescence intensity of Or47b 

axon terminals in the antennal lobe. Bars indicate mean GFP intensity. Dots represent GFP 

intensity in antennal lobes of individual flies. n = 6 flies per condition. Scale bar = 15 μm.

(B) Effect of CaMKI mutation on pheromone response in Or47b ORNs of 7-day old GH 

males. n=14 flies per genotype.

(C and D) Effect of CaMKI (C) and dCBP (D) knockdown in Or47b ORNs on pheromone 

responses in GH and SH flies. n=14–15 flies per condition, 7-day old males.

(E) Effect of dCBP knockdown in Or47b neurons on copulation percentage in the courtship-

competition assay. ♂1 - GH, ♂2 - SH. Both males were 7-day old and of the same genotype, 

as indicated. Dots represent results from individual experiments. n=6 experiments per 

condition, 13~22 matches per experiment. Different letters denote significant differences 
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between genotypes (p<0.05) as determined by one-way ANOVA followed by Tukey’s post-

hoc test. Chi-square test was used to determine if copulation percentages of GH males were 

different from chance and p-values are indicated below. GAL4: Or47b-GAL4, UAS: UAS-

dCBP-RNAi, RNAi: Or47b-GAL4>UAS-dCBP-RNAi.

(F) Model for the molecular pathway mediating the effect of group housing on Or47b ORN 

pheromone responses and courtship behavior.

GH: raised in a group of 15 per vial. SH: raised in isolation. Significant differences between 

conditions in (A) were determined by two-way ANOVA followed by Tukey’s post-hoc test 

and are indicated by different letters (p<0.05). Significant differences for recording 

experiments are denoted by *, p<0.05; **, p<0.01; ***, p<0.001 as determined by one-way 

(B) or two-way (C, D) ANOVA followed by Tukey’s post-hoc test. Odor stimulation: 4.5 ng 

to 450 μg palmitoleic acid (PA). Data are presented as mean ±SEM. Line width in PSTH 

indicates SEM.

See also Figure S4.
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Figure 4. Group housing enhances the effect of juvenile hormone signaling on Or47b ORN 
pheromone response.
(A) Juvenile hormone binds to its receptor, Methoprene-tolerant (Met), in Or47b ORNs 

(left). Red cross indicates RNAi-mediated knockdown of Met. (Right) Effect of Met-

knockdown on pheromone responses in Or47b ORNs of males chronically exposed to 

solvent or palmitoleic acid (PA). SH male flies were exposed to 10 μg PA or solvent for 7 

days. n = 13 flies per condition. Odor stimulation: 4.5 ng to 450 μg PA.

(B) Effect of chronic exposure to 0–10 μg PA on Or47b ORN pheromone responses in 7-day 

and 2-day SH males. Males were treated either with solvent or 2.5 μg of a juvenile hormone 

analog (JHA, Methoprene). n=18 flies per condition.

(C–E) Or47b ORN pheromone responses in 2-day old male flies treated with 0–25 μg of 

JHA. Effect of housing condition (C), chronic exposure to 10 μg PA (D) and dCBP 

knockdown (E) on JHA-dependent enhancement in Or47b ORN pheromone response. 

n=17–18 flies per condition.
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(F) Effect of varying dosage of JHA treatment (0–25 μg) and PA exposure (0–10 μg) on 

Or47b ORN pheromone responses in 2-day SH males. Heatmap indicates normalized mean 

evoked response for a given rearing condition. Response for each rearing condition was 

normalized to that of males with no JHA treatment or PA exposure (bottom left).

(G) Model for interaction between group housing and juvenile hormone signaling pathways.

GH: raised in groups of 15 per vial. SH: raised in isolation. Significant differences are 

denoted by *, p<0.05; **, p<0.01; ***, p<0.001 (A), or different letters (p<0.05) (B–E) as 

determined by two-way ANOVA followed by Tukey’s post-hoc test. 45 μg PA was used as 

the odor stimulus unless specified otherwise. Data are presented as mean ±SEM. Line width 

in PSTH indicates SEM.
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Figure 5. FruM expression levels determine Or47b ORN response.
(A) Illustration of the signaling cascade leading to the sexually dimorphic expression of 

Fruitless. A representative confocal image shows GFP expression in the axon terminals of 

Or47b neurons (dashed line) in the antennal lobe of a male fly carrying the following 

transgenes: fruP1.GAL4, UAS-GFP, ey-FLP, Tub-FRT-GAL80-FRT. Scale bar = 25 μm.

(B) Effect of TraF ectopic expression in Or47b ORNs on pheromone responses in 7-day GH 

males. n=14 flies per condition.

(C) Effect of FruM mutation on pheromone responses in Or47b ORNs of 7-day GH males. 

fruF is a mutant allele that does not produce functional FruM protein. n=13 flies per 

condition.

(D) Effect of FruM knockdown in Or47b ORNs on pheromone responses in GH and SH 

flies. n=14 flies per condition, 7-day old males.

Sethi et al. Page 28

Curr Biol. Author manuscript; available in PMC 2020 November 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(E) Effect of FruM overexpression (OE) in Or47b ORNs on pheromone responses in 7-day 

SH males. n=14 flies per condition. FruM-OE = U6-fru.gRNA, UAS-dCas9-VPR.

GH: raised in groups of 15 per vial. SH: raised in isolation. Significant differences are 

denoted by *, p<0.05; **, p<0.01; ***, p<0.001 as determined by one-way ANOVA 

followed by Tukey’s post-hoc test (B–E). Odor stimulation: 4.5 ng to 450 μg palmitoleic 

acid (PA). Data are presented as mean ±SEM. Line width in PSTH indicates SEM.

See also Figure S5.
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Figure 6. FruM expression is downstream of juvenile hormone signaling in Or47b neurons.
(A) Effect of ectopic expression of TraF on JHA-dependent enhancement in Or47b ORN 

pheromone response. n=18 flies per condition, 7-day SH males. Odor stimulation: 45 μg 

palmitoleic acid (PA).

(B) Pheromone responses in 7-day GH males with the following manipulations in Or47b 

ORNs: GAL4 control (black), FruM overexpression (blue), Met knockdown (red), and 

simultaneous FruM overexpression and Met knockdown (green). n=14 flies per condition. 

Odor stimulation: 4.5 ng to 450 μg PA.

(C) Expression of fruP1 transcript in antennae of 7-day GH males following RNAi-mediated 

knockdown of Met in Or47b neurons, n=10 samples per condition. For each sample, RNA 

was extracted from antennal tissues of 50 males. Quantitative RT-PCR was used to 

determine fruP1 transcript expression levels. Data normalized to mean fruP1 expression in 

Or47b-GAL4 controls. The fruP1 transcript encodes the FruM protein in males. Dots 

represent individual samples. Bars represent mean of 10 samples.

(D) Model showing that the FruM locus acts as a genomic coincidence detector to integrate 

social context with the hormonal state of a fly. Group housing activates the CaMKI/CBP 
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pathway, which in turn enhances the effect of juvenile hormone signaling in Or47b neurons. 

Graded levels of FruM expression fine-tune neuronal properties, with significant impacts on 

mating behavior.

Significant differences are denoted by *, p<0.05 or different letters (p<0.05), determined by 

two-way (A) or one-way (B, C) ANOVA followed by Tukey’s post-hoc test. Data are 

presented as mean ±SEM (A, B). Line width in PSTH indicates SEM.

See also Figure S6.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, Peptides, and Recombinant Proteins

trans-Palmitoleic acid Cayman Chemical, MI Cat#9001798; CAS:10030-73-6

Methyl Palmitate Sigma-Aldrich, MO Cat#P5177; CAS: 112-39-0

11-cis Vaccenyl Acetate Cayman Chemical, MI Cat#10010101; CAS: 6186-98-7

Methoprene Sigma-Aldrich, MO Cat#33375; CAS: 40596-69-8

Ethanol Sigma-Aldrich, MO Cat#E7023; CAS: 64-17-5

Focusclear CelExplorer Labs Co., Taiwan Cat#FC-101

Critical Commercial Assays

RNeasy Mini Kit QIAGEN, Germany Cat#74104

QIAshredder Kit QIAGEN, Germany Cat#79654

SuperScript VILO Master Mix Thermo Fisher Scientific, MA Cat#11755050

iQ SYBR Green Supermix Bio-Rad Laboratories, CA Cat#1708880

Experimental Models: Organisms/Strains

D. melanogaster: or47b2 [53]; Bloomington Drosophila 
Stock Center

BDSC: 51306

D. melanogaster: Or47b-GAL4 [54]; Bloomington Drosophila 
Stock Center

BDSC: 9984

D. melanogaster: Or47b-GAL4 [54]; Bloomington Drosophila 
Stock Center

BDSC: 9983

D. melanogaster: LexAop2-6XGFP [55]; Bloomington Drosophila 
Stock Center

BDSC: 52265

D. melanogaster: UAS-CaMKI-RNAi [56]; Bloomington Drosophila 
Stock Center

BDSC: 26726

D. melanogaster: UAS-dCBP-RNAi [57]; Bloomington Drosophila 
Stock Center

BDSC: 32576

D. melanogaster: ey-FLP Bloomington Drosophila Stock 
Center

BDSC: 5580

D. melanogaster: Tub-(FRT-GAL80-FRT)-STOP [58]; Bloomington Drosophila 
Stock Center

BDSC: 38880

D. melanogaster: UAS-traF [59]; Bloomington Drosophila 
Stock Center

BDSC: 4590

D. melanogaster: fruF [60]; Bloomington Drosophila 
Stock Center

BDSC: 66873

D. melanogaster: U6-fru-sgRNA [36]; Bloomington Drosophila 
Stock Center

BDSC: 80225

D. melanogaster: CaMKI[EY07197] [62]; Bloomington Drosophila 
Stock Center

BDSC: 16799

D. melanogaster: UAS-dCas9-VPR [36]; Bloomington Drosophila 
Stock Center

BDSC: 66561

D. melanogaster: UAS-CaMKII-RNAi [56]; Bloomington Drosophila 
Stock Center

BDSC: 29401

D. melanogaster: fru[GAL4.P1] [21]; Bloomington Drosophila 
Stock Center

BDSC: 66696

D. melanogaster: UAS-Met-RNAi Vienna Drosophila Stock Center VDRC: 100638
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REAGENT or RESOURCE SOURCE IDENTIFIER

D. melanogaster: UAS-fru-miRNA [61] N/A

D. melanogaster: fru[UAS.P1] This study N/A

D. melanogaster: 10XUAS-mLexA-VP16-NFATΔC This study N/A

Oligonucleotides

fruP1 forward primer: GCCACGCCCACTCGCATTAC This study N/A

fruP1 reverse primer: TGGTCAGTGTTGTACCTAG This study N/A

rp49 forward primer: AGGGTATCGACAACAGAGTG This study N/A

rp49 reverse primer: CACCAGGAACTTCTTGAATC This study N/A

fruP1 gRNA: CACATAAACGCAGTACATGG TGG This study N/A

Recombinant DNA

Plasmid: pJRC81 [63] Addgene, Cat#104615

Plasmid: 10XUAS-mLexA-VP16-NFATΔC This study N/A

Software and Algorithms

MATLAB MathWorks RRID:SCR_001622; https://
www.mathworks.com/products/matlab.html

ImageJ NIH https://imagej.nih.gov/ij/

pCLAMP 10.7 Molecular Devices RRID: SCR_011323; http://
www.moleculardevices.com/products/
software/pclamp.html

Igor Pro V.6 Wavemetrics RRID:SCR_000325; https://
www.wavemetrics.com/products/igorpro/

GPower 3.1 [67]; Universität Düsseldorf http://www.gpower.hhu.de

CFX Manager Bio-Rad Laboratories, CA Cat# 1845000

Other

Aluminosilicate glass electrodes Sutter Instrument Co., CA AF100-64-10

Vacuum desiccator Cole-Parmer, IL VX-06514-30

Fluorescent dust LDP LLC, NJ UVXPBR
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