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Detailed description of the research program
Scientific background
Animals live and interact in complex environments, and need to adapt their behaviors to changing social and non-social contexts. Lab and field studies across model organisms demonstrate that innate social behaviors such as fighting and mating are influenced by social and non-social environmental factors1–5. Social factors include exposure to rivals6, the heterogeneity of the social environment7, and the presence of predators8, while non-social factors include light conditions9, temperature10, and food availability11–17. How animal behavior in general and social communication in particular are modulated by environmental context is a key question in neurobiology. We choose to tackle this question using the fruit fly Drosophila melanogaster as a model, focusing on olfactory modulation of acoustic communication during mating behavior. 
Social communication is often multisensory, where vision, olfaction, audition and other modalities are used by animals to infer about their social and non-social environments.  In particular, acoustic signals are widely used across taxa during innate social behaviors such as mating and fighting18–21. Olfactory signals are also widely used during social interactions, carrying both social information (largely through pheromones) and non-social information from the surrounding environment12,22–24.
Acoustic communication, besides its central role in social communication, has major advantages as a window for studying how social communication is modulated by changing environments. First, acoustic communication is quantifiable. Sounds can be recorded using microphones, and then parsed into well defined temporal components25–27. This is important, as it allows researchers to quantify how sound production and the response to sound are modulated, moment-by-moment, by environmental factors. Second, acoustic communication is varying over multiple timescales, for example, from words, to sentences, to paragraphs28–30. This allows a quantification of how context affects social communication over multiple timescales, possibly by modulating the persistent internal state of the communicating agents 31,32. Lastly, as acoustic communication is often sexually dimorphic, hence measuring how environmental factors modulate song production and perception side by side will contribute to our understanding of shared and sexually dimorphic aspects of context dependent social communication.
Here we propose to tackle this question in Drosophila melanogaster, leveraging our knowledge of their mating circuitry33, established genetic tools34,35, the availability of synaptic-level tracing of the adult brain36,37, and recently established tools for the fine behavioral quantification of social behaviors26,38,39. As acoustic communication is essential for reproduction in Drosophila 40,41, and as the fly olfactory system processes ethologically relevant social and non-social cues (though pheromones23 and food odorants12,15), this proposal is focused on the olfactory modulation of acoustic communication. While some of the neural circuitry involved in the processing of social cues has been dissected in model organisms such as mice 42 and flies33,43, understanding how social and non-social contexts are integrated is challenging in complex systems such as primates and rodents. This is because multisensory information and the control of social behaviors are both distributed over multiple brain areas whose connectivity is not fully mapped, and manipulating or measuring brain activity from deep, intact brain tissues is challenging in large animals. 
During courtship in Drosophila melanogaster, a male sings to the female a love song who is composed of two major modes: Pulse and Sine 44. Song bouts are highly variable45,46, in part because male song is modulated by dynamic sensory cues from the female40, and by changing internal states47. Social context modulates male song complexity46, though the underlying mechanisms for this modulation are unknown.
Females respond to courtship song in multiple ways, including plate opening , ovipositor extrusion 41,48, turning, and slowing 49 (see Fig. 1). By recording and parsing the male song26,28, and by tracking and quantifying the responses of males and females thereto (Fig. 1), we are able to quantify how acoustic communication is modulated by external factors over multiple timescales.
Olfaction also plays an important role in mating behavior in fruit flies 23,50. Olfactory cues include pheromones and food-odorants whose representation in higher olfactory centers is spatially segregated 51. Pheromones carry social information both about the prospect mate 23,52 and about the social environment 53,54. Food-derived odorants carry information about the existence, type and quality of food near the fly 51. As flies aggregate on food patches where multiple individuals feed, fight, and mate55,56, olfactory cues – pheromones and food-odorant, carry ethologically relevant cues about both the social and non-social environment flies encounter. Indeed, female mating frequency is modulated by the composition of male strains in their surroundings, likely through olfaction7,57, and food odorants have been shown to modulate both Drosophila melanogaster female receptivity15, male courtship intensity 12. Here we focus on pheromones and food-odorants that have previously been associated with altered mating behaviors through olfaction12,23,58,59 (see Table 1). Importantly, the modulation of acoustic communication by olfactory cues may be through changes in the persistent internal state of males and females 60, as was previously shown to happen through contact61,62. Changes in internal brain states may in turn modulate the intensity, structure and persistence of male singing, as well as the amplitude, tuning and temporal integration of the response to courtship song by males and females.
Many of the cells involved in the control of mating have been shown to express the sex determination factors doublesex and fruitless (‘dsx+’ and ‘fru+’ cells;33,63). This includes neurons that respond to auditory64–66, olfactory12,58,64,67, visual62,68, and gustatory52,61,69 cues, as well as neurons involved in controlling male singing44,46,66,70,71. This is critical, as it allows us to focus our search for the underlying circuitry on a relatively small and well-defined group of cells. We hypothesize the modulation of acoustic communication by social and non-social olfactory cues in Drosophila is mediated, at least in part, through dsx+/fru+ cells.
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