Research plan
1. Brief description of the subject and of the scientific and technological background

1.1 Mating and aggression in Drosophila melanogaster
Mating behavior in Drosophila melanogaster has been a the subject offor intense research since it was first described over more than a century ago (Sturtevant 1915)., and mMuch of the underlying circuitry underlying this mating behavior was has been dissected in the lastrecent decades (Auer and Benton 2016). 	Comment by Adam Bodley: Should this be “the organism” or “the behavior”?
Mating behavior in Drosophila melanogaster relies on multisensory communication (Dickson 2008). During courtship, males and females display their qualities while analyzing the value of the a potential mate. The male initiates courtship and the female decides whether or notshe wishes to mate (Aranha and Vasconcelos 2018). Upon encountering a potential courtship partner, based on visual and chemosensory cues, the male taps the female’s abdomen to assess her desirability (Bastock and Manning 1955; Spieth 1974). The male then follows the female, extending a wing and vibrating it to generate the courtship song (von Philipsborn et al. 2011). Next, the male taps and licks the female before attempting copulation (Bastock and Manning 1955; Hall 1994).	Comment by Adam Bodley: Please consider whether this can be abbreviated to D. melanogaster, here and at all subsequent appearances in this document, given that it has been written out in full above. 	Comment by Adam Bodley: Please confirm that you wish to use bold font, here & elsewhere. (It is not clear from my perspective why these particular sentences have been highlighted.)
Female A female’s mating behavior is dependent on her sexual maturity and mating state.  Females A female responds to a male’s courtship- song by exhibiting changes in her locomotion (Clemens et al. 2015) and, ovipositor extrusion (Mezzera et al. 2020), and as well by performing a range of rejection behaviors (Aranha and Vasconcelos 2018; Connolly and Cook 1973; Lasbleiz, Ferveur, and Everaerts 2006) that including include decamping, wing flicking, and shoving /fencing.	Comment by Adam Bodley: Is this a specific term used in your field, or would “moving away” be a suitable alternative term?
Most studies that have focused on the neurobiology of Drosophila mating behavior have involved a single virgin male and a single virgin female (e.g., Zhou et al. 2014; Deutsch et al. 2020; Coen et al. 2014; Feng et al. 2014). However, it has been shown that in field settings, Drosophila melanogaster females store sperm from multiple males (Singh, Singh, and Hoenigsberg 2002). Males encounter and court previously mated females much more often than they encounter virgins (Boulétreau 1978; Partridge, Hoffmann, and Jones 1987), and are capable of consecutive copulating copulation with multiple females in a raw (S. X. Zhang, Rogulja, and Crickmore 2016). 

Therefore, the commonly used laboratory settings for studying the neurobiology of fly mating do not accurately reflect the represent the common settings in the wild.   

Flies The aggressive behavior of flies has mainly beenwere studied mostly in the context of flights fighting over food resources. Some While some aggressive phenotypes are sex-specific, while others are not (Nilsen et al. 2004; Chen et al. 2002; Lim et al. 2014). For example, while hierarchical relationships are were seen to formed between loser losing and winner winning males, no similar clear hierarchical relationship was observed in females (Nilsen et al. 2004). Aggressive behaviors were also documented in the context of mating: males fight other males when competing over a female (Sturtevant 1915), while unreceptive females show aggressive rejecting rejection behaviors towardtowards a courting males (Aranha and Vasconcelos 2018; Connolly and Cook 1973). The neural basis of aggressive behavior in males has been a the target of intense research in males (Hoopfer et al. 2015; Asahina et al. 2014; Certel et al. 2010), and recently also in females (Deutsch et al. 2020; Palavicino-Maggio et al. 2019; Schretter et al. 2020). As with studies of mating behavior, Studies laboratory studies of aggressive behaviors in the lab havealso tended to focus mostly on single, isolated pairs of flies, whether males or female. 

How is aggressive communication is affected by fly density and the male/:female ratio? How do mating and aggressive behaviors interact? For example, do starved males fight for food or to court a female when both are available (Rezával et al. 2014)? How does a recent aggressive encounter modulates social communication in males and females (Filice and Dukas 2019)? We aim to answer these questions by monitoring mating and aggression with among multiple flies, in a complex environment (that includes a food patch) and over an extended period of time.	Comment by Adam Bodley: Should this be “source”? If so, please update other occurrences of “patch” to “source”.

1.4 Group behaviors in Drosophila melanogaster
Studies of social interaction in Drosophila melanogaster have mainly focused on understanding the neuronal basis of innate and recognizable behaviors such as male-–male aggression and male-–female courtship encounters.
Studies that measured have investigated group behaviors in Drosophila have demonstrated that flies possess the neuronal ability to recognize different individuals in a group (Schneider et al. 2018);, that groups of flies exhibit non-random group structures, which depend on certain sensory systems (Ramdya et al. 2015; Schneider, Dickinson, and Levine 2012), group size (Rooke et al. 2020), and social experience (Bentzur et al. 2021);, and that group interactions facilitates collective responses to threats (Ramdya et al. 2015; Gibson et al. 2015). Interestingly, some studies have indicated that the existancepresence of multiple interacting flies also modulates mating behavior. For example, male courtship is modulated by the existence presence of rivals (Setoguchi et al. 2015). These findings, together with the evidence for the presence of social aggregates in wild flies (Markow 2015; Soto-Yéber et al. 2018; Schneider, Atallah, and Levine 2012), support the notion that group living is a fundamental component of Drosophila behavior.	Comment by Adam Bodley: Should this be “social aggregations of”?

Recently, machine -learning based tools for the automatic detection of social behaviors have been adapted for the study of group behaviors in Drosophila (Table 1), facilitating our understanding of collective behavior (Ramdya et al. 2015) and social networks (Schneider, Dickinson, and Levine 2012; Bentzur et al. 2021). 
StillHowever, little is known about how social context modulates individual, moment- byto- moment social decisions. Specifically, how does the immediate social environment and the fluctuating collective behavior modulate male-–female, male–-male, and female–-female communication?
To fill address this knowledge gap, we will track individual body parts of each individual flyflies, in a mixed group of males and females, for an extended period of time (Table 1), using future development of SLEAP (T. D. Pereira et al. 2020) for pose estimation (Fig. 1), and particularly for inferring male singing (Fig. 2). 	Comment by Adam Bodley: Should this be “future developments of the SLEAP framework”?

Please consider defining the abbreviation “SLEAP”.

Later, you describe SLEAP as “a deep-learning based framework for estimating positions of animal body-parts” – please consider whether this explanation should be included here instead (or as well).


	No. of individuals
	Duration 
	Mixed sex?
	Food patch?	Comment by Adam Bodley: “source”?
	Wings/legs tracked?
	Year
	Reference

	12
	30 min
	NO	Comment by Adam Bodley: Please consider changing “NO” and “YES” to “No” and “Yes”.
	    NO
	NO
	2012
	(Schneider, Dickinson, and Levine 2012)

	Up to 24
	2-–5 min
	NO
	    NO*
	NO
	2015
	(Ramdya et al. 2015)

	Up to 100
	varyingVarious
	YES?	Comment by Adam Bodley: Please consider adding a footnote to explain the question mark here and in the cell below. 
	    NO
	NO
	2019
	(Romero-Ferrero et al. 2019)

	7, 16
	3, 5 hr	Comment by Adam Bodley: In the main text the unit “h” was used, so I have used “h” throughout for consistency.
	YES?
	    NO
	    NO
	2020
	(Gal, Saragosti, and Kronauer 2020)

	10
	15 min
	NO
	    NO
	NO
	2021
	(Bentzur et al. 2021)

	16
	4 hr
	YES
	    YES
	YES
	This proposal


Table 1. Recent studies that have used machine learning based tools for the quantification of group interactions in Drosophila melanogaster
* No food patch, except for measuring aggregation density



1.4 Using deep- learning methods for pose estimation and identity tracking
Motion capture technology enables the precise quantification of complex phenotypes from high- resolution videography of freely behaving animals (Talmo D. Pereira, Shaevitz, and Murthy 2020). Leveraging deep learning, the investigators’ previous work in developing these methods have has recently been demonstrated to be feasible for tracking the motion of individual body parts in of socially interacting animals, and implemented through using the SLEAP software framework (T. D. Pereira et al. 2020). SLEAP works by using deep neural networks that take video frames as an input and then predict the location of body parts, group them into animals, and link them across time to generate continuous trajectories of poses for each animal. At present, SLEAP has been found to be successful in tracking the poses of small groups of animals (2) for shorter periods of time (<1 h), with up to 99.9995% identity tracking accuracy (62 out of 11.7 million frames). Despite this good performance, in the more challenging setting of involving larger groups of flies (16) recorded over longer sessions (4 h), we expect to encounter exponentially more frequent errors, as the potential for identity swaps increases combinatorially with the number of interacting animals and session duration. To address this, while also relieving the burden of manual proofreading on the experimenter, we will improve the SLEAP’s robustness of SLEAP into identifyingication errors by leveraging state-of-the-art techniques for appearance and trajectory modeling employed in the multi-object tracking field. Specifically, we propose to leverage Transformers, a recently developed neural network architecture that employs a mechanism termed “attention”, in order to capture the relationship between complex data streams; Transformers and which have has been found to be extremely successful for modeling sequence structure across data domains (Lin et al. 2021). This approach has recently been shown to outperform all existing methods for multiple object tracking (Chu et al. 2021), and we propose to adapt it this approach to capture the relationship between the relative positioning of body parts, static and dynamic appearance features, and postural trajectories in Drosophila melanogaster. To do achieve this, we will represent each of these features and their relationships via a spatiotemporal graphical representation that will serve as an input to a deep neural network trained to associate animal poses across frames. Unlike all previously described methods for multi-animal tracking, this approach will beis ideally suited for our project as it enables context integration across multiple modalities of information (visual appearance, pose, dynamics) to achieve highly robust tracking, even in the presence of challenging occlusions that occur during complex multi-individual social interactions. As detailed below, at in the first step part of this project, we will validate the quality of identity tracking usingover a large group of flies (specifically, - 8 eight males and 8 eight females), by using a complementary approach for color-based identity tracking (Gal, Saragosti, and Kronauer 2020). This new approach for improved identity tracking will be made available as part of a future version of SLEAP.	Comment by Adam Bodley: Should this be “animals behaving naturally”?	Comment by Adam Bodley: Should this be “group them into a whole animal”?	Comment by Adam Bodley: Should this be “individual animals.”?	Comment by Adam Bodley: Should this be “two individuals”?	Comment by Adam Bodley: Please check this – should it be “just 62 frames out of 11.7 million were incorrect”?	Comment by Adam Bodley: Please confirm: “structure” or “structures”?

1.5 Supervised and unsupervised quantification of mating and aggressive behaviors in insects
[bookmark: _Hlk87869121]Both supervised and unsupervised learning methods were have been developed for the automatic quantification of mating and fighting in Drosophila (Kabra et al. 2013; Berman 2018; Anderson and Perona 2014). While supervised methods allow the experimentalist to focus on specific behaviors (e.g., male chasing or female, female kicking), unsupervised approaches allow unbiased characterization of the behavioral space. 	Comment by Adam Bodley: Should this be “chasing males”?	Comment by Adam Bodley: Should this be “female–female kicking”?
A prerequisite for high- quality behavioral analysis, whether supervised or unsupervised, is a precise tracking of the an animal’s pose. As mentioned above, we will use SLEAP for pose estimation. SLEAP also allows the tracking of wing angle, which is a good proxy for male singing (Fig. 2; with using a simple classifier we get obtained 91% correct classification as to whetherof  frames as beingincluded part of a singing epoch or not), an important part of the male courtship ritual. Measuring The measurement of wing extension is also important also for scoring aggressive behaviors, such as: same-sex fights in males and females (Nilsen et al. 2004), and rejecting rejection behaviors in unreceptive females (Aranha and Vasconcelos 2018; Connolly and Cook 1973).	Comment by Adam Bodley: Please check I have retained your meaning here.
We will apply both supervised and unsupervised approaches for to measuring measure the behavior of individual flies and the interactions between among themindividuals.

2. Objectives and significance of the research
Our overall objective for this proposal research is to determine how social communication in Drosophila is modulated by the environment. Specifically, we plan to reveal how male courtship and female responses are modulated by the immediate environment (other flies, a food resource) and by recent history (previous social encounters and recent feeding).

We will develop a behavioral setup and an analysis pipeline for automated offline tracking of the pose and identity of each individual fly in each frame for long periods of time (Aim 1; Figs. 1, 2). We will use this setup and analysis pipeline to describe mating behavior in wild-type flies in a complex environment (Aim 2; Fig. 3). , andWe will also quantify the effect of activating specific, sexually dimorphic neurons in the central brains of males and females on their social communication in a complex environment (Aim 3, Fig. 4).	Comment by Adam Bodley: Please confirm: “a behavioral setup” or “an experimental setup to monitor behavior”?	Comment by Adam Bodley: Should this be “recorded over”?


Aim 1. Build a behavioral setup and validate the tracking pipeline (Haifa University and Salk Institute).	Comment by Adam Bodley: Please confirm: “a behavioral setup” or “an experimental setup to monitor behavior”?	Comment by Adam Bodley: The locations/teams are not specified for the other aims (below); please use a consistent approach throughout. 	Comment by Adam Bodley: Should this be “University of Haifa”, here and elsewhere?
We aim to develop an experimental setup and computational framework that will allow the monitoring and analyzing analysis of social communication (during mating and aggression) in the context of a complex environment. The complex environment includes 16 flies (8 males and, 8 females) and a food patch.

To this aimend, the Haifa group will build a circular arena with a small food patch at in the center; this will be observed via, using a top-view, high- resolution camera and IR illumination (Fig. 1). A pilot dataset will be collected for identity validation, using with colored flies for identity validation using and AnTrax (Gal, Saragosti, and Kronauer 2020). The Salk group will track the flies using a future development of SLEAP (Aim 1) (T. D. Pereira et al. 2020) and will use AnTrax to validate confirm that the fly identity identities areis correct using AnTrax. Once this goal is achieved, the Haifa group will collect a second pilot dataset, with using markless unmarked flies, for the Salk group to test.	Comment by Adam Bodley: Should this be “infrared (IR)”?	Comment by Adam Bodley: Should this be “flies marked in different colors”?	Comment by Adam Bodley:  Should this be “the AnTrax software for automated analysis of insect social behavior”?

Aim 2: Determine how mating behavior is modulated by environmental cues and recent history
The Haifa group will collect 8 eight datasets, based on eight groups each with comprising eight8 adult males and eight8 adult females, 4 hours per group, using wild-type NM91 flies. The Haifa group will track fly pose and identity (Fig. 1) and infer male singing (Fig. 2) based onusing tools built by the Salk group in as part of Aim 1. Then, both the Haifa and Salk groups will work in collaboration to analyze the behavioral data, using both supervised and unsupervised learning approaches to extract fly behavior, particularly mating and aggressive behavior, as well as computational tools for analyzing group behaviors. Finally, conclusions will be drawn for in relation to the spatial and temporal effects of the complex environment of on social communication.	Comment by Adam Bodley: Please check I have retained your meaning here. 
 
Aim 3: Reveal how sexually dimorphic neurons control social communication in a complex environment
Sexually dimorphic neurons that express the sex determination genes Doublesex doublesex (dsx) and fruitless (fru) control social behaviors (e.g., mating and fighting) in Drosophila. After creating a pipeline for collecting and analyzing the detailed behavior of multiple flies for over periods of several hours, and establishing a detailed description of how wild-type flies communicate in a complex environment, we will perturb a specific subset of dsx+ neurons in a single fly in each cohort, and measure the effect on this has on the social interactions of the manipulated fly.

3. Comprehensive description of the methodology and plan of operation
The proposed behavioral studies will be conducted at the Haifa universityUniversity. Tracking and pose estimation will be done carried out using computational tools that will be developed at the Salk instituteInstitute. The two research groups will jointly design the experiments, coordinate the data analysis, and work collaboratively to implement state-of-the-art tools for analyzing the behavioral data at multiple spatial and temporal scales. The This extensive close cooperation will occur be achieved via personal meetings, both online and through in-person student exchanges (see Mode of cooperation, below). Critically, neither the experimental group at Haifa university University nor the computational group at the Salk institute Institute can would be in a position to complete the project on its own on its own.

3.1 Rationale and general design.
We aim to set the stage tofor determining determine the effect of a complex environment on social communication in Drosophila. We will start by developing a new setup and analysis pipeline that allows the tracking of social encounters at high spatiotemporal resolution, in a socially complex and enriched environment. A first major challenge will be to extend the existing computational tools, especially particularly SLEAP, a deep-learning based framework for estimating the positions of animal body- parts that was originally developed by the Salk Institute partner, to be able toso that it is able keep track on of 16 flies (8 males and 8 females) for an extended period of time (4 hours). We aim to reduce the proofreading requirement to a very minimum, having with the software pointing highlighting onlyto a small number of frames with containing a potential event that requires human intervention (typically, an identity flip). Once the data collection and tracking pipeline are is ready, we will collect two datasets. The first will include wild-type flies, with anthe aim to of describe describing how social communication is affected by complex environmental cues and recent social history. The complex environment includes a food patch and a large number of flies (8 eight males, 8 eight females). All the flies will be starved before prior to the experiment, to facilitate encourage a conflicts between over feeding and mating. Based on previous experiments, we expect anticipate that both males and females to will fight over the limited food resource. We will reveal how males and females manage the feeding-–mating conflict over time, and we will decipher how social communication is modulated by food availability, and by previous encounters, on or off the food patch. In the last final part of the project, after establishing a “‘baseline”’ description of the wild-type behavior, we will explorefind how tonic activation of specific, sexually dimorphic cells modulates the social behavior of males and females in the a complex environment in males and females (Fig. 4). Numerous studies have shown The the male-only P1 group was to be associated in numerous studies with male courtship and aggressive behaviors (Hoopfer et al. 2015; Koganezawa, Kimura, and Yamamoto 2016; Inagaki et al. 2014). The same neuronal cluster was also associated with feeding (Cheriyamkunnel et al. 2021) and sleep (W. Zhang et al. 2018). The female-only pC1d/e neurons were have been shown to be associated with female receptivity (Wu, Bidaye, and Mahringer 2019), and with a persistent state of female-–male aggression (Deutsch et al. 2020). Here, we aim to characterizes how specific or broadthe breadth of is the role that of  male-P1 and female-pC1d/e play in on social communication.	Comment by Adam Bodley: “experimental setup”?	Comment by Adam Bodley: Please consider providing a little more background here, as it is not clear what the “male-only P1 group” refers to. Should it be “male-only P1 neuronal cluster”?	Comment by Adam Bodley: Should this be “neurons play”?
 
Drosophila is represents a unique system that allows focused manipulation of specific cell types throughout the brain. Using advanced computational tools, we will take advantage of this system to reveal how moment-by-moment social communication is modulated by social and non-social cues in a complex environment.    

3.2 Experimental procedures
Aim 1.1 building Build a novel setup for measuring social communication in a complex environment
[image: ]We will build a circular arena with a food patch in the middlecenter. In Under laboratory conditions, flies were shown to aggregate on lower, we choose to design our circular arena to have a fly density of 0.5 flies/cm2, therefore an arena diameter of ~64 mm (but see also Risk analysis and alternative plans, below). With modern cameras (e.g., Emergent CMOS HZ-21000-G), atwe can achieve a temporal resolution of 150 frames per second (this frame rate is important for catching capturing the wing  motion dynamics) and 4096 pixels per axis. This equates to, it means 4096/64 = 64 pixels/mm, which is twice the minimum that is needed necessary for reliable leg tracking (T. D. Pereira et al. 2020). We will use a height of 3 mm, as was used previously done (Bentzur et al. 2021; Simon and Dickinson 2010; Kabra et al. 2013). To minimize the occurrences of fly flies walking on the walls and ceiling we will use Sigma coat (Coen et al. 2014; T. D. Pereira et al. 2020). A food patch will be placed in the middle center of the arena (15 mm in diameter, as previously designed described (Dierick 2007)). Therefore, tThe food patch will therefore occupy approximately ~5.5% of the arena size. We will adjust the illumination to make ensure that we can detect and track fly pose both on and off the food patch.	Comment by Adam Bodley: In the Fig. 1 legend, please correct the following:

“cameral”  “camera”
“Here 8 flies”  “Here, eight flies…”
“long term”  “long-term”
“of large groups on animals”  “of large groups of animals”
“architechure”  “architecture”	Comment by Adam Bodley: I am slightly unclear as to the meaning here. Please re-write for clarity. 	Comment by Adam Bodley: Please check I have retained your meaning here. 	Comment by Adam Bodley: Should this be “we can capture”?	Comment by Adam Bodley: It is not clear what this height is referring to. 	Comment by Adam Bodley: Please confirm: “Sigma coat” or “Sigmacote”?	Comment by Adam Bodley: Should this be “area of the arena.”?
We will use real-time, hardware-accelerated video compression (~100×X) for the high resolution and framerate. With 8-bits per pixel and 4096×X4096 pixels/ per frame, this means would result in ~90 GB per hour of compressed data.	Comment by Adam Bodley: Should this be “to obtain video at a high-resolution and framerate.”?

Aim 1.2 Collecting data for tracking validation
We will collect a dataset of comprising eight8 adult male and eight8 adult female flies, recorded over a period of 4 hours. All flies will be starved for 13 hours before prior to the experiment. The flies will be colored the night before the experiments. The flies, and will then be moved transferred to vials with containing moisture but no food, just before prior to the beginning of the night cycle. Flies will be tracked using an existing method (Gal, Saragosti, and Kronauer 2020), to get obtain a reliable estimate for the each fly’s identity. We will then track the same videos with using an improved version of SLEAP (Fig. 1), aiming to track the pose and maintain the identity of each individual fly for throughout the course of the experiments. We will develop an algorithm for detecting all possible identity flips, and an appropriate user interface for manual proofreading of these rare events. A satisfactory result will be up to a 1:1 ratio between human proofreading and total experimental time, such that for a 4-hour data collection period (with eight8 males and eight8 females, in under our experimental conditions), the maximum proofreading time (that guarantees zero identity flips) will be up to 4 hours. This will allow us to perform the data collection using the unmarkedmarkless flies in to address Aims 2 and ,3. We will use machine learning tools to automatically detect fighting events,  and along with the winner/ and loser ofin each fight (based on who stayed remained last behind on the food patch). We will also use these tools to, as will infer male singing from their wing angle, based on a previous comparison with recorded song (Fig. 2).	Comment by Adam Bodley: Should this be “comprising the behaviors of”?	Comment by Adam Bodley: Should this be “Colored marks will be painted on the flies”?	Comment by Adam Bodley: Please check I have retained your meaning here. 

Aim 2.1 Collecting wild- type data
[image: ]Using a similar protocol to the one tested in Aim 1, we will collect 16 datasets, each with comprising 8 virgin males and 8 virgin females videographed over for a period of 4 hours. The flies will be collected 3- to 5 hours after emerging, and will be kept maintained inat a humidity- and temperature-controlled incubator, in under a 12/12 hr day/night cycle. Males and females will be singly individually housed to minimize their social experience. Flies will be taken out ofremoved from the incubator at the age of 4 days, 30 minutes after the behavioral incubator lights switch on to let the flights accommodate to the behavioral room, and will then be inserted to the behavioral arena 60 minutes after the incubator lights switch on to optimize for peak fly activity. Flies will be loaded individually loaded into the chamber using a custom-built aspirator. We will collect a single dataset a each day, and we will clean the arena thoroughly the night before each experiment. Data will be tracked and proofread offline, based on the pipeline developed in Aim 1.	Comment by Adam Bodley: Should this be “hatching”?	Comment by Adam Bodley: I am slightly unclear as to the meaning here. Please re-write for clarity. 	Comment by Adam Bodley: Should this be “experimental chamber” or “experimental arena”?

Aim 2.2 Quantifying individual and group fly behaviors, and group behaviors using machine learning 
Based on the tracking of fly body- parts, we will extract kinematic variables for each individual fly (e.g., forward and turning velocities, position relative to the food patch), as well as other detectable behaviors such as singing (Fig. 2), ovipositor extrusion (Wang et al. 2020), and locomotion (DeAngelis, Zavatone-Veth, and Clark 2019). Based on these parameters, we will detect specific behaviors that involve a single fly (e.g., grooming) and behaviors that involve multiple flies (e.g., chasing or fighting). 

We will employ modern state-of-the-art machine learning (ML) tools for with improved accuracy and recall for the classification of pose-based social behavior classification at scale (Nilsson et al. 2020). , andWe will make our data annotations freely available and design an a priori labeling/classification protocol a priori per behavioral class to minimize bias (Leng et al. 2020). 
We will also apply unsupervised classification approaches, as previously donecarried out for flies (Berman et al. 2014; Overman et al. 2021; Hernández et al. 2021),, but under a more naturalistic setting.
In parallel to finding identifying the behaviors of individual flies or pairs of flies, we will analyze collective behaviors and social networks throughout the data (Bentzur et al. 2021; Farine and Whitehead 2015). 
Again, We we will use modern state-of-the-art ML approaches that are designed for to extracting both common and rare behavioral events that may be unique in to this complex environment (Graving and Couzin 2020; Luxem et al. 2020).

Aim 2.3 Quantifying social communication in complex environments	Comment by Adam Bodley: In the Fig.3 legend, please correct the following:

“comples”  “complex”
“8 males and 8 females will be tracked for 4 hours at a circular arena that contains a food patch in the middle”  “Eight males and eight females will be tracked for 4 hours in a circular arena that contains a food patch in the center”

Also, should “patch” be “source”?

[image: ]Based on capturing the behavior of individual flies or pairs, as well as the group dynamics, we will quantify how the local environment of each fly and its recent history correlate with specific behavioral decisions. 
Examples for of questions relating to environmental effects will include: what is the effect of other flies (males, females) in the surroundings on the mating decisions of males and females? How doand social networks (Fig. 3) affect courtship dynamics? How does the existence presence of a food source or flies that fight/aggregate over the food source affect nearby mating decisions? Examples of questions relating to the effects of recent history will include: does a previous defeat in a fight or an unsuccessful courtship attempt affect a male’s decision to court or not to court or, and on the courtship pattern?. 	Comment by Adam Bodley: Should this be “How does the presence of a food source or flies that fight/aggregate over the food source affect nearby mating decisions?” or “How does the presence of a nearby food source or flies that fight/aggregate over the food source affect mating decisions?”
These correlations will inform us about the characteristics of individual fly behavior in a complex environment, and will inform future studies that aim to demonstrate a causal role link between the a behavior and the activation or inactivation of specific cells, and as done investigated in Aim 3.	Comment by Adam Bodley: Should this be “individual fly behaviors” or “the behavior of an individual fly”?
We will make the analysis pipeline fully open access via a shared repository, for the use of in future experiments. Using The use of this setup will allow researchers to ask questions relating to a ranging range of fields, from genetics and to ecology to neuroscience.

Aim 3.1 Revealing the role of central neurons play inon mating decisions in both sexes
[bookmark: _Hlk87882153][image: ]Previous studies have indicated the role of the sexually dimorphic group of pC1 cells in controlling persistent mating motivation in both sexes (Jung et al. 2020; Deutsch et al. 2020; S. X. Zhang, Rogulja, and Crickmore 2016). However, pC1 neurons (including the male-only subgroup P1) havewere also been implicated in controlling sleep, feeding (W. Zhang et al. 2018; Cheriyamkunnel et al. 2021), and aggression (Deutsch et al. 2020; Hoopfer et al. 2015; Koganezawa, Kimura, and Yamamoto 2016). Here, we will measure the effect of low tonic activation of pC1 neurons on mating, fighting, social clustering, and general activity in both sexes (Fig. 4). We will activate (in separate experiments) pC1d/e neurons (Deutsch et al. 2020; Schretter et al. 2020) in females, and P1 in males (Koganezawa, Kimura, and Yamamoto 2016).	Comment by Adam Bodley: Should this be “neurons”?	Comment by Adam Bodley: Should this be “sexes of Drosophila”?	Comment by Adam Bodley: Should this be “P1 neurons”?
Each experiment will include eight8 males and eight8 females, as before, but will last only just 30 minutes: 10 minutes of baseline, 5 minutes of pC1 activation (using red light), and 15 minutes after light offset (Fig. 4). In each experiment, only an one individual fly - – male or female - – will express channelrhodopsin in the pC1 subset (pC1d/e or P1). We will collect 80 groups in for each condition, therefore i.e., a total of 240 groups (pC1d/e in females, P1 in males and controls). In total, we will collect 120 hours of data for in Aim 3 (similar to Aim 2). 	Comment by Adam Bodley: Should this be “pC1 or pC1d/e”?	Comment by Adam Bodley: Please check & confirm this wording is correct.	Comment by Adam Bodley: Please confirm the use of “groups” is correct in this sentence and correct if necessary. 	Comment by Adam Bodley: In the Fig. 4 legend, please change “Male P1 is associated with more phenotypes such as sleeping and feeding, ” to “Male P1 neurons are associated with more phenotypes, such as sleeping and feeding.”

4. Risk analysis and alternative paths
4.1 identity Identity tracking. In addressing Aim 1, we will develop SLEAP to keep the identity of 16 flies in a complex environment (that contains includes some inhomogeneity heterogeneity due to the food patch), such that the time required for manual proofreading will not exceed the time required forof the actual experiment. As detailed above, we will also track the flies using a complementary approach that is based on coloring marking the flies (Gal, Saragosti, and Kronauer 2020) to validate the identity tracking. If we succeed in keeping tracking and maintaining the identity of flies using SLEAP, we will then collect a second dataset to validate confirm that SLEAP identity tracking works also works with unmarkedin markels flies. We, and will then perform the rest ofremaining the experiments (Aims 2, 3) using unmarked markless flies. If we fail to achieve this goal, we will use markless flies for Aims 2 and ,3, and, if necessary, we will take adopt a hybrid approach, where fly pose is tracked using SLEAP and, while fly identity is kept tracked using AntraX AnTraX (Gal, Saragosti, and Kronauer 2020).	Comment by Adam Bodley: “track”?	Comment by Adam Bodley: Should this be “marked” or “unmarked”?
4.2 Arena dimensions. The sizes of the arena and the size of the food patch were chosen based on the results of previous experiments. However, it might turn out to be the case that these dimensions are either too large, and such that complex social interactions are rare, or too small, such that flies overlap with each other in a way that significantly differs from the their natural dynamics (Soto-Yéber et al. 2018), and that makes it impossible to track a fly’s pose in many frames, due to obstruction by other flies. In thisIf one of these turns out to be the case, we might may need to modify the assay’s dimensions of the arena.

4.3 Starvation durationDuration of starvation. Starving We plan to starve males and females for 13 hours prior to the experiments; this does not exceed the times that were have been used in previous experiments. However, it is unclear how it this will affect the optogenetic activation of males and females when ATR-containing food was not consumed by the flies for this duration. As we like wish to keep maintain similar experimental conditions between for both Aims 2 and -3, we will validatecheck, prior to collecting the data in for Aim 2, if whether P1- activated males sing upon P1 activation. If not, we will shorten reduce the starvation duration of starvation.
	Comment by Adam Bodley: I am slightly unclear as to the meaning here. Please re-write for clarity. 
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Figure 1| Data collection, pose estimation and IDtracking
(A) Rendering of the behavioral monitoring arena (gray),
with a food patch at the center (orange). A top cameral will
capture the entire field of view. (B) Multi-animal pose track-
ing using SLEAP (Rereira et al., 2020). Here 8 flies were
tracked in parallel. (C) Schematics of the new neural network
architecture proposaed to deal with long term identity track-
ing of large groups on animals. The model takes features of
each animal’s appearance, geometry and postural dynamics
as input (left), integrates evidence using transformer-based
architecure (middle), and outputs a representation of the ani-
mal’s identity.
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Figure 2 | Estimating social behavior from pose tracking

(A) Motion capture during courtship behavior. The male (blue) chases and
orients towards the female (red) during this encounter. (B) Maximal wing
angle of the male during courtship song production. Distributions of wing
position during different song modes (confirmed by microphone recording)
reveal that the vast majority of song is detectable by pose tracking alone.
(C) Schematic denoting that detailed kinematics (left) captured by pose
tracking will be used to generate behavioral ethograms (right).
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Figure 3 | Social behavior in a comples environment

(A) 8 males and 8 females will be tracked for 4 hours at a
circular arena that contains a food patch in the middle.(B) Social
communication will be automatically detected. For example,
male-female courtship (top) and male-male aggression. (C) We
will determine how direct social communication (red arrows; e.g.,
courting, chasing or fighting) is modulated by social cues (black
arrows) and non-social cues.
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Figure 4 | pC1 neurons control social behaviors
(A) pC1 neurons control mating and aggression in
both sexes. Male P1 is associated with more pheno-
types such as sleeping and feeding, (B) An individu-
al fly, male or female, will be optogenetically activat-
ed for 5 minutes. Behavior will be monitored before,
during and after the stimulation.





