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Aggression is a nearly universal behavior used to secure food, territory, and mates across species, 
including the fruit fly Drosophila melanogaster. In fruit flies, both sexes display aggression through 
stereotypical motor patterns. This, along with their sophisticated genetic and molecular toolkit, makes 
Drosophila melanogaster an excellent model for studying aggression. While male- and female-specific 
aggressive motor programs have been qualitatively described, automated systems for quantifying 
these behaviors in freely moving flies remain limited in their ability to combine high-resolution analysis 
with high throughput. Here, we pair a high-resolution, high-throughput imaging system (Kestrel) 
with DeepLabCut pose estimation to create a pipeline that tracks multiple freely moving fly pairs and 
quantifies social dynamics with high fidelity. We validated the system’s high-throughput performance 
and body-part tracking accuracy through manual scoring and established Drosophila behavioral 
phenotypes. The platform reliably reproduced a known phenotype: heightened female aggression 
following activation of cholinergic pC1 neurons. It also revealed a previously uncharacterized neuronal 
population labeled by R72A10-GAL4 that promotes courtship in males without affecting aggression. 
Pose-based analysis further detected locomotive differences between experimental and control 
groups, and subtle genotype-specific variations in aggression and courtship. By providing a high-
fidelity readout of circuit-specific manipulations, this workflow enables mechanistic dissection of social 
behaviors.

Social interaction, like aggression and courtship, is an evolutionarily conserved behavior important for securing 
essential resources, including food, territory, and mating partners. This behavior is highly sex-dependent: in 
Drosophila melanogaster, as in many species, males direct aggression toward other males while courting females 
as potential mating partners1–3. This sex-specific interaction pattern reflects broader evolutionary strategies, 
in which dominant individuals – including those displaying high levels of aggression—gain access to limited 
resources, leading to increased survival and reproductive success. Given the strong influence of aggression and 
courtship on fitness, understanding these behaviors is essential for uncovering the evolutionary pressures and 
neural mechanisms that shape social interactions1,4–6.

Multiple vertebrate and invertebrate model organisms have provided valuable insights into the neurobiological 
and genetic basis of aggression and courtship. Among these, Drosophila melanogaster has emerged as an 
excellent model system because fruit flies display stereotypical, easily identifiable and quantifiable aggressive 
motor patterns. Their compact brain of approximately 200,000 neurons enables precise circuit-level analyses 
using an advanced genetic and molecular toolkit. Recent EM-connectomics resources such as the hemibrain and 
Full Adult Fly Brain (FAFB)-FlyWire volumes now provide complementary opportunities to map aggression-
associated circuits at synaptic resolution and may help link behavioral phenotypes with defined connectivity 
patterns7–9. In addition, many principles of circuit organization and genetic mechanisms are conserved between 
flies and mammals, including humans10–14. Despite morphological differences, the conservation of underlying 
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genetic and neural mechanisms allows findings from fruit fly models to inform our understanding of aggression 
across species, including humans.

In Drosophila melanogaster, aggression is expressed through a repertoire of motor programs, with lunges in 
males and head butts in females as the predominant and most quantifiable behaviors. The male lunge involves 
a precise, multi-step action where one fly rises with its hind legs and snaps down on its opponent with its 
front legs. Female head butts involve striking an opponent with the head. Courtship, a behavior reciprocal in 
intent to aggression, also involves stereotypical motor programs. A signature courtship behavior occurs when 
the courting male extends one wing at nearly 90° to his body axis and rapidly vibrates it, creating a courtship 
song that attracts mates. These simple but distinct behaviors provide a valuable framework for investigating the 
genetic and circuit mechanisms underlying social behaviors such as aggression and courtship10,12,15–17.

Quantification and definition of locomotive features of specific fly social interactions under free movement 
condition are still poorly explored18–21. To address these limitations, closed-loop mechanical tracking systems 
have been developed to enable high-resolution imaging of freely moving subjects. While these systems have 
provided valuable insights into behavior and neuronal dynamics, they face several constraints. Most are limited 
to tracking a single organism at a time, making them unsuitable for studying interactions between multiple 
individuals. Additionally, these systems typically have a narrow field of view, limiting high-throughput 
applications22–24. Attempts to increase the field of view with large-diameter lenses introduce optical aberrations 
that require complex and expensive corrections22,25,26.

Fly behavior assays have been developed to increase throughput and consistency across experiments, while 
enabling accurate tracking of behavior27–30. These systems use video frame rates such as ≤ 30 Hz which work well 
for many behaviors but may present challenges when resolving rapid events like lunges or head butts, potentially 
leading to ambiguity in behavior annotation. Additionally, achieving high throughput requires substantial 
physical space to run four parallel assays29. Thus, there remains a need to incorporate higher frame rates to 
capture rapid behavioral events with greater temporal precision in a more compact setup for accurate tracking 
and better quantitative analysis of behaviors.

For post-experiment analysis, MATLAB-based tools such as FlyTracker31 and JAABA32 are commonly 
used for 2D position tracking and behavior classification. More recently, open-source deep learning tools like 
DeepLabCut33–35 and SLEAP36, which are both pose estimation methods based on convolutional neural networks 
(CNNs), have enabled more flexible pose estimation, greater pixel accuracy, and faster processing. Python based 
tools were developed to utilize pose estimation from deep learning to classify well defined behaviors37,38. To 
simplify the deep learning pose estimation implementation, some approaches were reported to constrain flies 
to a 2D space in camera view by limiting the vertical space within the behavioral arena. One such long-duration 
single-fly assay used vertical constraints to improve tracking accuracy, but this design could increase aggression 
in control group27,39. In some cases, siliconizing reagents have been applied to prevent flies from climbing on 
vertical surfaces perpendicular to camera view40.

To achieve high-throughput behavioral assay for investigating fly pair social interaction with their body parts 
tracked at high temporal and spatial resolution for a 30 min-assay time (used in this study), we customized 
a high throughput imaging system, the Kestrel, powered by the Multi Camera Array Microscope (MCAM) 
technology22, developed by Ramona Optics, Inc. This setup was paired with multi-view integration of three 
DeepLabCut pose estimation models from one view angle. The Kestrel is a cost-effective alternative to other 
large-area, high-resolution imaging systems, as it leverages inexpensive components commonly used in 
consumer electronics. The system provides high speed data acquisition in parallel from a grid of closely spaced 
cMOS image sensors (each with ~ 10 million pixels) to reduce ambiguities due to slow acquisition cycles in 
behavioral recordings22,41–43. In our configuration, the Kestrel with a custom-designed chamber arena array 
uses 8 cameras to record high-resolution brightfield videos of multiple free moving fly pairs. To obtain position 
tracking from video recording, we implemented DeepLabCut33–35 and developed Python-based post-processing 
data analysis tools to integrate pose estimation output results from three DeepLabCut models based on fly body 
orientation relative to the camera angle. Because the Kestrel system was developed to generate high-quality, 
high-throughput video recordings of multiple fly pairs simultaneously, it facilitated more efficient manual 
scoring to evaluate levels of aggression and courtship.

We applied this system to investigate social behavior driven by genetically defined neural populations. 
Using the GAL4/UAS44,45 system, we thermogenetically activated specific neurons and examined changes in 
aggression and courtship. Using our setup, we found that activation of a small group of cholinergic pC1 neurons 
labeled by R26E01-GAL4 induced elevated female head butting, replicating previously reported results12. This 
confirmed that our imaging platform and behavioral setup reliably capture known behavioral outcomes. We next 
examined behavior in male–male assays by targeting neurons using R72A10-GAL4, a driver line that labels a 
previously uncharacterized group of ~ 40 neurons in the central brain with few neurons in the ventral nerve cord. 
Thermogenetic activation of these neurons induced a robust increase in unilateral wing extensions (UWEs) 
in temperature-activated R72A10 experimental males, a courtship display rarely observed in control male-
male interactions1,46, suggesting that R72A10 neurons enhance male courtship without affecting aggression. 
Furthermore, with the multiple pose estimation in individual fly with minimum no detection gaps at high 
resolution, our setup was able to measure basic features, like fly body segment size, and locomotive features 
about fly pair’s movement averaged across the whole recording session. Also, we measured locomotive features 
behind individual manually scored head butts and UWEs to investigate the difference in social behaviors behind 
elevated frequency of said behavior counts.

This integrated platform for high-resolution, high-throughput behavioral imaging offers a powerful new 
approach for quantifying aggression and courtship in fruit flies. By enabling precise tracking of body parts 
and locomotion measurements across multiple freely moving pairs, our system provides a framework that 
complements manual scoring and has the potential to be extended toward scalable, automated analysis. Coupled 
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with the genetic tractability of Drosophila melanogaster, this approach lays the groundwork for dissecting how 
specific neural populations shape distinct social behaviors. Ultimately, such tools advance our ability to resolve 
fine-grained features of social behavior, link them to genetically defined circuits, and deepen our understanding 
of how aggression and courtship are regulated across species.

Results
Kestrel Fly assay and multi-view integration of three DeepLabCut models from single camera 
view
To investigate social interactions such as aggression and courtship in Drosophila melanogaster at high resolution 
and across multiple parallel assays, we adapted the Kestrel system22 from Ramona Optics, Inc, Durham, NC 
(Website) (Fig. 1.a1). Behavioral assays were conducted using a customized base plate with 8 slots for cylindrical 
chambers (the fight arenas), which ensured consistent positioning for video recording across all experiments 
(Fig. 1.a2 and a3). This setup allowed simultaneous behavioral analysis of eight fly pairs. Each chamber has a 
removable glass ceiling that facilitates unobstructed imaging from the top. The cylinder’s internal dimensions 
(16.8 mm diameter, 7 mm height between floor and glass ceiling) allowed flies to move freely on both the floor 
and walls without spatial constraints that could artificially induce aggressive interactions. Within each chamber, 
a shallow recess (7 mm in diameter) holds 70 µL of standard fly food layered with 10 µL of yeast solution. A 
movable divider bisects each chamber, with small doors on either side that allow stress-free fly introduction 
using gravitaxis and phototaxis, eliminating the need for aspiration. This approach avoids extensive fly handling 
procedures such as aspiration or cold anesthesia, which have been reported to alter behavioral outputs by 
inducing stress47 (Fig. 1.a4).

We used Ramona’s MCAM software, the recording software for the Kestrel system, to capture fly-fly 
interactions at 30 °C immediately after manually retracting the dividers. In our behavioral assays, we targeted 
different subsets of neurons in the fly brain using the GAL4/UAS binary expression system and expressed 
the thermosensitive cation channel TRPA1 in the GAL4-targeted neurons. It has been previously established 
that TRPA1 channel activates neurons at 30°C45,48,49. Each recording session captured all eight chambers 
simultaneously, and the first 30  min of each encounter between age-matched and sex-matched flies were 
analyzed. The MCAM software automatically crops out the physical space between arenas and generates eight 
videos at 576 × 576-pixel resolution at 60 fps for all chambers (Fig. 1.a3).

We focused on three key behaviors in Drosophila melanogaster: (1) male–male lunges, an aggressive motor 
program in which a male stands up on its hind legs and snaps down on the opponent with its front legs10 (Fig. 1.
b1 and b2, middle); (2) male–male unilateral wing extension (UWE), a signature motor program of courtship 
behavior, in which one wing is extended at a right angle to the male body axis and vibrated46,50–52 (Fig. 1.b1 and 
b2, bottom); and (3) female–female head butts (HB), an aggressive behavior involving a forward thrust of the 
female head onto the opponent’s torso (Fig. 1.b1 and b2, top)12,16,53. Due to flies’ free movement in the custom 
chamber and single camera view angle of the Kestrel, a fly is usually shown in the top view when it is on the floor 
(Fig. 1.b1), in the side view when it is on the inner wall with body direction approximately horizontal to the floor 
(Fig. 1.b2), and in the cross view when it is on the inner wall with body direction approximately vertical to the 
floor when behavior cannot be properly observed to be manually scored. Hence, flies in top or side view angles 
were considered when manually scoring for each behavior of interest (BOI).

In our experimental setup, observed lunges and head butts often span fewer than 3 frames at 60 fps, so during 
manual counting we define the event timestamp at the beginning of the two frames, indicated by the red bar in 
Fig. 1.b1 and b2, when the most displacement happens to the naked eye. UWEs happen on a slower timescale. 
In contrast to head butt and lunge events that are defined by rapid location change, UWE can last for hundreds 
of milliseconds and are defined by no change of specific wings’ orientation relative to the body. So, a UWE 
event timestamp is marked when the extended wing reaches its maximal angle, close to 90 degrees to the body 
direction. Each identified event is expanded into a 30-frame clip (i.e., 1/2 of a second) for downstream labeling 
and verification.

For pose estimation of multiple animals simultaneously, we implemented DeepLabCut 33–35. In order to 
minimize no-body-part-detection gaps for multi-animal pose estimation with almost no movement restriction, 
3 distinct DeepLabCut models, with different labeled frames from manually scored event timestamps of BOI, 
were trained for 3 different viewing perspectives of the fruit fly in this experimental setup: top view, side view, 
and cross view (see details in “Methods”). As shown in Fig. 1.c top and middle rows, key anatomical points—
head, center, and tail- denoted by ● and ★ from top view and side view respectively, were used for locomotive 
feature analysis. The outlier frames from top view and side view models’ inference results were used to train the 
cross view model. Due to the unique circle shape when a fly shows its cross section in camera view, body points 
relative to the surface the fly is standing on, in Fig. 1.c bottom row, were used to represent the fly coordinate in 
the cross view, with the point away from the surface as “top”, the part close to the surface as “down”, and the most 
left part of “top” and “down” as left, the most right point of the “top” and “down” as “right”. The coordinates of the 
four parts are averaged to calculate the approximate location, “cross”, as the fly body is in cross view orientation 
to the camera, often in its stationary posture.

As the baseline pose estimation for the fly pair, the top view model was chosen because dorsal–ventral body 
orientation is common for fly pairs in the custom fighting arena chamber. Pose estimation inference results 
from the side view model and cross view model are used to fill in “NaN” fly pose estimation from the top view 
model. A view-selection filter was developed to automate the process based on the DeepLabCut pose estimation 
confidence number (conf.) and distance between body parts reflecting average fly size. Figure 1.d showed a case 
where one fly in one frame is only detected by a side view model, then shows up in the top view model detection; 
later it is only detected by the cross view model pose estimation. The other fly is consistently being detected by 
the top view model inference. A Multi-View Coordinate Array (MVCA) is created to represent combined pose 
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estimation, including head, center, tail, and “cross”, from all 3 models for the fly pair in 2-dimensional space 
across 30-min duration. Figure 2.a illustrated all the anatomical parts being tracked in the study by MVCA.

Evaluation of single DeepLabCut model and multi-view integration performance
To evaluate the DeepLabCut implementation and coverage of MVCA for freely moving fly pair social 
interaction during a 30-min-long assay period, detection rate, fly physical size and some locomotive features 
were calculated from fly pair body parts inference results. First, we introduced the fly pair detection rate (see 
details in “Methods”), as a metric to quantify the share of duration of the experiment when multiple body parts 
were detected for both flies. The fly pair detection rates for all the fly pair videos in the study (n = 199) were 
shown in Fig. 2.b with different pose estimation implementations. For individual models, we can see that the 
top view model and side view model both had huge gaps of missing detection in their inference results, only 
covering less than 50% of the 30-min recording session most of the time. Fly pairs both being in cross view was 
a rare occurrence. For combination models, by only combining top view and side view models, it dramatically 
improved the percentage of a recording session with viable fly pair detection. Additionally, with the cross view 
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model, MVCA as a top/side/cross combination, has more than 90% fly pair detection rate for most of the fly pair 
videos. Besides at the original video recording frame rate, 60 Hz, which was essential for manual scoring of fast 
events like head butts and lunges, downsampling results of MVCA at 10 Hz and 1 Hz (see details in “Methods”) 
were used and evaluated in the study. Figure 2.b showed that low sampling rate in general resulted in higher 
fly pair detection rate. Fly pair detection was used as a standard in all the locomotive feature calculations in 
the study. Furthermore, the event tracking rate was defined on top of the fly pair detection rate (see details in 
“Methods”) to measure the percentage of manually scored behaviors that had viable tracking results. For the 
three behaviors observed by experimenters in the study, head butt’s event tracking rate is 90%, UWE’s event 
tracking rate is 89%, and lunge’s event tracking rate is 93% (See Supplementary Data 1: Event Tracking Rate). This 
suggested the proximity and relatively high speed of fly pairs during fly interaction did not lead to selectively low 
tracking quality at timestamps around behaviors of interest.

To characterize the fly physical size and locomotive features from body part coordinates, female-female pairs 
(F–F, n = 43) and male-male pairs (M–M, n = 44) of the TRPA1 control (TRPA1x w1118) line in the study were 
used to benchmark the performance baseline. This genotype was used as a control line that carries the UAS-
TRPA1 effector but lacks a GAL4 driver, thereby preventing thermogenetic neuronal activation at 30 °C. This 
allows us to measure baseline physical and behavioral traits in the absence of neural activation. The limitation of 
a single model of top view or side view in coverage of the whole recording session does not affect its function to 
measure physical length of segments of a fly. A segment of a video, which meets certain threshold requirements, 
like continuous absence of non-detection, between-flies body parts distances, and relative location in the arena 
(see details in “Method”), was used to measure the whole body, head + thorax, and abdomen size of female and 
male flies as shown in Fig. 2.c1. The pose estimation was able to detect the general size difference between female 
and male. In Fig. 2.c2, estimated body segments of the females based on pose estimation from the top view 
model or side view model were larger than those of male counterparts, and result was consistent with a previous 
report about female and male body size comparison54.

For locomotive feature analysis, head butt counts in female-female pairs and lunge counts in male-male pairs 
were used as primary behavioral metrics because these two behaviors represent common aggressive interactions 
in control TRPA1x w1118 groups, in contrast to UWE events which are rare in male-male pairs and represent 
courtship, the reciprocal of aggression1,10,16. Fly pair distance is an average result across a 30-min recording 
session using MVCA at the 60 Hz original recording rate, by using a single location to represent the coordinate 
of a single fly, then calculating distance between two flies using the single coordinate for each one (see details in 
methods). In the left panel of Fig. 2.c3, no significance difference in fly pair distance was found between female-
female pairs and male-male pairs and in the right panel, both female-female pairs and male-male pairs showed 
negative correlation between fly pair distance and respective behavior count, head butt for females (R2 = 0.327, 
p < 0.0005) and lunges for males (R2 = 0.244, p < 0.005).

Fly pair traversal speed was a measure of speed that treats a fly pair as a whole to circumvent the fly identity 
switching in pose estimation (see details in “Methods”). MVCA at 10 Hz sampling rate was used because the 
purpose of the measurement was to assess the travelling distance that the fly pair covered in the arena, not 
localized fast movement during flies’ interactions. A lunge or head butt would not surpass the time window of 
6 frames at 60 fps, so MVCA at 10 Hz was chosen. In the left panel of Fig. 2.c4, male-male pairs traversed faster 
as a whole than female-female pairs during the 30-min recording session, consistent with the reported finding 
that male pairs had increased movement in confined space after maturing in isolation55. In the right panel, male-

Fig. 1.  Multi-camera array setup and pose-estimation pipeline for recording parallel behavioral assay in 
Drosophila melanogaster. a1. Image of the MCAM-based imaging system used to record aggressive and 
courtship interactions across eight parallel chambers. a2. Top-down camera array view angle of 8-fight-
arena setup: Left 4 chambers with dividers closed, right 4 chambers with dividers open. a3. Representative 
image illustrating how the MCAM Software automatically crops a single arena containing a fly pair after the 
experiment concludes. a4. Schematic of individual chamber, showing arena structure, glass ceiling, 2 plugs for 
fly transfer opening, and movable divider. b1. and b2. Manual annotations of behaviors of interest (BOI): head 
butts (HB), lunges, and unilateral wing extensions (UWE) and frame selections for pose estimation training. 
b1. Top view example: BOI when the fly pair is in dorsal–ventral body orientation. Top row and middle row 
show the frame sequence of a HB event in female-female (F—F) assay and a lunge event in male-male (M—M) 
assay at 60 frames per second (fps) respectively. Red bar indicates 2 consecutive frames with the largest travel 
distance in between during manual annotation. The bottom row shows the frame sequence of a UWE event 
in M-M assay at 4 fps. b2. Side view example: HB (top row), lunge (middle row) and UWE (bottom row) 
when the fly pair is in lateral body orientation. c. DeepLabCut implementation: Frames are selected from 0.5-s 
clips of HB, lunge and UWE events in top view cases and side view cases. ~ 300 frames in the top view were 
used for labeling and creating training dataset for the top view model, and the same is done for the side view 
model. ~ 150 frames of fly pair in cross view body orientation, selected from outlier frames of top view and side 
view models’ inferencing results from 5 videos were labeled and used for training the cross-view model. Total 
number of body parts tracked in the three models: 12 in the top view model, 7 in the side view model, and 8 
in the cross view model. Body parts selected for locomotion analysis in this study: head, center, and tail in the 
top view model (circle, ●) and the side view model (star, ★), “top”, “left”, “right”, “down” in the side view model 
(cross, +). d. Multi-view integration of pose estimation models: The top-view model is the baseline, with red 
and green markers distinguishing the two flies. A view-selection filter was developed to fill the “missing” flies 
in cases where only one or even two flies were invisible in the top view, with side and cross view inferencing 
results.

◂
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male pairs did not show correlation between their fly pair traversal speed and lunge count (R2 = 0.000, p ≥ 0.05) 
but female-female pairs showed negative correlation between their fly pair traversal speed and head butt count 
(R2 = 0.180, p < 0.005), which was a weaker correlation than those observed for fly pair distance vs behavior count 
in both female-female pairs and male-male pairs.

To further evaluate the setup’s potential to study aggressive patterns (e.g., high count of head butts) and 
courtship patterns (e.g., enhanced UWEs) that a fly pair displayed, thermogenetic activation experiments of 
R26E01-GAL4 and R72A10-GAL4 driver lines via TrpA1 were conducted. Manual behavioral scoring—often 
considered the gold standard for behavioral analysis27—and basic locomotion measurements were used to 
demonstrate the system’s capability to replicate previously reported results and make novel findings in fruit flies.

Kestrel system confirms R26E01-GAL4-driven female aggression and uncovers locomotive 
features associated with aggressive behavior
Previous research identified a small cluster (approximately 2–4 pairs) of doublesex + cholinergic neurons within 
the pC1 neuronal cluster, targeted by the R26E01-GAL4 driver line. Thermogenetic activation of these neurons 
via TrpA1 (referred to here as R26E01 > TRPA1) at 30 °C was previously shown to significantly enhance head 
butts, a type of female specific aggression12. In this study, we aimed to test whether our customized Kestrel system, 
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combined with the newly designed behavioral arena, could be used to conduct a behavioral assay with fruit flies 
and successfully replicate the previously reported aggression phenotype resulting from thermogenetic activation 
of R26E01 neurons. To do so, we targeted the aforementioned neuronal cluster group using the R26E01-GAL4 
driver line, performed thermogenetic activation at 30 °C as previously described12, and quantified the frequency 
of head butts in female-female dyadic encounters. In the 30-min assay time, female pairs with activated R26E01 
neurons indeed resulted in significantly elevated head butt frequency compared to female pairs in R26E01 
control and TRPA1 control groups (Fig. 3.a left panel; Supplementary video 1). This replicated the previously 
observed aggression phenotype and demonstrated that our Kestrel system and arena setup can reliably be used 
to study social behaviors such as aggression in fruit flies.

In addition, we also measured basic locomotive features, fly pair traversal speed and fly pair distance during 
the 30-min assay time. The increased head butt counts in the R26E01 > TRPA1 group did not reflect greater 
traversal speed for the female pair compared to control groups, shown in Fig. 3.b1 left panel, but resulted in 
significantly closer fly pair distance over 30 min in Fig. 3.b2 left panel.

Here, we also showed the time courses of head butts and fly pair distance for female pairs with tracking at 
1 Hz sampling rate in Fig. 3.c1, with one example from each genotype. Besides the aggression represented by 
high head butt count in the top panel of Fig. 3.c1, the example female-female pair with temperature-activated 
R26E01 neurons was shown to have persistent periods of extremely close fly pair distance, shorter than 2.5 mm, 
a common body length of a female fruit fly measured by this setup. Additionally, we showed the time course 
of a female pair with manually scored head butt events in the R26E01 control group in Fig. 3.c2. Despite the 
similarity of head butt count to the experimental R26E01 > TRPA1 fly pair in the top panel of Fig. 3.c1, the fly pair 
distance trace of the R26E01 control group pair was similar to the other two control examples in the middle and 
bottom panels of Fig. 3.c1. Overall, these results demonstrate that the Kestrel and the newly designed behavioral 
chamber successfully replicate previously observed findings and provided fly pair distance, an additional 
locomotive measurement that indicates that the R26E01-activated females persistently stay in close distance.

Next, we extended our analysis to evaluate male-specific behaviors using the same genotypes. Consistent 
with previously published observations, thermogenetic activation of R26E01 neurons did not significantly alter 
the frequency of lunges in male-male interactions in Fig. 3.a right panel. We note that males carrying only the 
UAS-dTrpA1 only control displayed elevated lunging relative to the GAL4-only control, possibly due to basal 
activity from the minimal promoter in the UAS construct, a phenomenon that has been reported previously56, 
but activation of R26E01 neurons did not alter lunging compared to the appropriate GAL4-only baseline. 
Additionally, we analyzed the same male-male assay videos to score UWEs, which are commonly recognized as 
courtship "love songs” and are behaviors reciprocal to aggression. This feature was not analyzed in the previous 
study12, and our analysis provides additional insight into the behavioral repertoire of R26E01 > TRPA1 males. Our 
analysis revealed no statistically significant difference in the frequency of UWEs between R26E01 > TRPA1 males 
and control males (Fig. 3.a middle panel). Similar to the controls, the frequency of UWEs in R26E01 > TRPA1 
male–male assays was low.

Additionally, male–male pairs of the three genotypes— R26E01 > TRPA1, R26E01 control, and TRPA1 
control— did not show a significant difference in fly pair traversal speed or fly pair distance over 30  min, 
as shown in the right panels ofFig.  3b1 and Fig.  3b2. Collectively, these results confirm that thermogenetic 

Fig. 2.  Fly pair detection accuracy and quantitative measures obtained from multi-view integration in MCAM 
fly-fly social behavioral assay. a. Body parts used in fly pair, fly 1 (green) and fly 2 (red), in different view 
angles for locomotion analysis. Head (square, ■), center (triangle, ▲), and tail (diamond, ♦) in the top view 
and the side view; and cross (circle, ●), an average location representation when a fly’s head or tail is towards 
the camera, in the cross view. b. Fly pair detection rate (%) comparison among different DeepLabCut pose 
estimation implementation in MCAM fly aggression experiment setup. Detection rates of 3 sampling rates for 
each method are presented, with 60 Hz as original recording frame rate, and 10 Hz and 1 Hz as downsampling 
results from original recording. The median fly pair detection rate of multi-view integration of top, side, and 
cross view is 92.4 at 60 Hz, 95.4 at 10 Hz, and 98.4% at 1 Hz, across all the fly pairs, n = 199, in this study. Of 
all experiments, n = 86 were for studying fly pair with R26E01-GAL4 labeled neurons, n = 83 were for studying 
fly pair with R72A10-GAL4 labeled neurons, and n = 30 were for an independent group of TRPA1x w1118 fly 
pair. c1. Illustration for the definitions of fly whole body length, head + thorax length, abdomen length, and 
fly pair distance. In c2., c3., and c4., TRPA1x w1118 fly pairs were used as the baseline to evaluate the tracking 
performance, including female-female (F—F) pairs, n = 43, and male-male (M—M) pairs, n = 44. As a result, 
for individual female flies (F), n = 86 and individual male flies (M), n = 88. c2. Length comparison of whole 
body, head + thorax, and abdomen length between individual female and male flies of TRPA1 > w1118 line. 
For non-normal distributions via Shapiro–Wilk test, Mann–Whitney U test was performed for whole body 
and abdomen length comparison between female and male flies: ***, p < 0.0005 For normal distributions via 
Shapiro–Wilk test, independent t-test was performed for head + thorax length comparison between female and 
male flies: ***, p < 0.0005 c3. Left: fly pair distance (mm) comparison between female-female and male-male 
of TRPA1 > w1118 line across 30 min. Independent t-test: ns, p ≥ 0.05. Right: scatter plot of fly pair distance vs. 
the manual count of behavior of interest, head butt for female and lunge for male. Linear regression: female-
female, R2 = 0.327, ***, p < 0.0005; male-male, R2 = 0.244, **, p < 0.005. c4. Left: fly pair traversal speed (mm/s) 
comparison between female-female and male-male of TRPA1 > w1118 line across 30 min. Mann–Whitney U 
test: ***, p < 0.0005. Right: scatter plot of fly pair traversal speed vs. the manual count of behavior of interest, 
head butt for female and lunge for male. Linear regression: female-female, R2 = 0.180, **, p < 0.005; male-male, 
R2 = 0.000, ns, p ≥ 0.05.
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activation of R26E01 neurons selectively modulates aggression in females, without significantly impacting male 
aggression, courtship behaviors, or locomotive features. Furthermore, body part tracking measurements derived 
from multi-view DeepLabCut integration were consistent with the manually observed behavior counts. Given 
the reliable reproduction of previously reported aggression findings, we then used the Kestrel system to conduct 
systematic behavioral studies in additional GAL4 fly lines.

Enhanced courtship in temperature-activated R72A10 male–male encounters and analysis of 
associated locomotive features analyzed using the Kestrel system
In a screen from a previous study57 for identifying neural substrates of aggression, we examined the R72A10-
GAL4 driver line and found that thermogenetic activation of the R72A10-GAL4 labeled neurons at 30  °C 
did not significantly alter aggression levels in male–male assays. Repeating this experiment with the Kestrel 
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system yielded consistent results, with no change in aggression in the temperature-activated R72A10 > TRPA1 
experimental males at 30 °C relative to controls (Fig. 4.a right panel). However, we found that during the 30-
min assay time between two males, the experimental R72A10 > TRPA1 males exhibited a substantially increased 
frequency of UWEs, but not lunges, compared to controls (Fig. 4.a middle panel; Supplementary video 2). In 
wild-type males, aggressive behaviors dominate such interactions, and courtship displays such as UWEs are 
typically absent or rare1,46,57,58. The robust induction of UWEs upon thermogenetic activation of R72A10-GAL4 
neurons suggests that these neurons elicit enhanced courtship in male-male encounters without any effect on 
aggression.

Next, we measured basic locomotive features. The high frequency of UWEs observed in the R72A10 > TRPA1 
experimental group did not reflect a significant change in traversal speed of the R72A10 > TRPA1 male pair 
compared to controls (Fig. 4.b1 right panel). However, it resulted in a significantly closer fly pair distance over 
the 30-min assay time (Fig. 4.b2 right panel). We also performed time-course analyses of lunges, UWEs, and 
fly pair distance for experimental and control male–male assays using tracking at a 1 Hz sampling rate. In the 
representative assay for the R72A10 > TRPA1 experimental flies, in addition to high UWE counts (Fig. 4.c top 
panel), the males exhibited persistent periods of very close fly pair distance.

We also investigated aggression in R72A10 > TRPA1  females at 30  °C. Manual scoring of head butts in 
female-female dyadic encounters (Fig.  4.a left panel) revealed no statistically significant difference between 
experimental and control groups. Female pairs of the three genotypes—R72A10 > TRPA1, R72A10 control, and 
TRPA1 control—also did not show a significant difference in fly pair traversal speed or fly pair distance over 
30  min (left panels of Fig.  4.b1 and b2).Together, these findings highlight the sex-specific behavioral effects 
elicited by activation of R72A10 neurons and underscore the utility and reliability of the Kestrel in discovering 
novel neuronal functions in behavior.

Aggression and pursuit indices are strong indicators of social behaviors in thermogenetically 
activated R26E01 > TRPA1 and R72A10 > TRPA1 flies
Basic locomotive features, like fly pair traversal speed and fly pair distance, were calculated using a single 
coordinate representing the location of a single fly. Fly pair traversal speed over 30  min showed little to no 
correlation to head butt counts of female-female interactions (Fig. 2.c4, Fig. 3.b1 and Fig. 4.b1). Fly pair distance 
over 30 min was a strong general indicator of increased behaviors, either head butts between females or UWEs 
and lunges between males (Fig. 2.c3, Fig. 3.b2, and Fig. 4.b2). In Fig. 5.b, the fly pair distance is presented here as 
an indicator to compare all 6 genotype groups that we recorded in R26E01-GAL4 targeted- and R72A10-GAL4-
targeted- neuron activation experiments. We found that the fly pair distance over 30-min encounter was a very 
strong indicator of elevated head butt frequency in R26E01 > TRPA1 activated female pair compared to the other 
5 genotypes (Fig. 5.b left panel). However, enhanced courtship in R72A10 > TRPA1 activated male pair did not 
result in a significantly close fly pair distance when compared to the control groups.

To further investigate different social interactions between two flies with specific body positioning and 
locomotive feature, we introduced two indices—“aggression index” and “pursuit index”- by leveraging multiple 
body parts detected in each fly of a fly pair. (see details in "Methods"). Briefly, by using the difference between 
body part distances, normalized by the sum of body segment lengths of two flies, we can represent the relative 
body positioning of two flies. The aggression index ranges between –1 and 1, showing whether the fly pair 
was in "tail to tail" or "face to face" position. The pursuit index ranges between 0 and 1, showing whether the 
fly pair was in a random or "one’s head following the other’s tail" position, as shown in Fig. 5.a. In Fig. 5.c left 

Fig. 3.  Thermogenetic activation experiment of R26E01-GAL4 labeled neurons: Manual score of head butt, 
lunge, and UWE, and locomotion from fly tracking. a. Manual score of behaviors of interest for 3 genotypes: 
R26E01 > TRPAI (experimental), R26E01 > w1118 (control), and TRPA1 > w1118 (control). Left: head butt counts 
in female–female pairs (n = 13–17). Center: UWE counts in male-male pairs (n = 10–14). Right: lunge counts 
in male-male pairs (n = 10–14). Kruskal–Wallis test was performed for multiple comparisons within each 
behavioral category. Significance was observed for all behaviors of interest (p < 0.05, Kruskal–Wallis test). b1. 
and b2. Locomotion from pose estimation comparison among 3 genotypes: R26E01 > TRPAI (experimental), 
R26E01 > w1118 (control), and TRPA1 > w1118 (control). b1. Fly pair traversal speed (mm/s) comparison 
among 3 genotypes. Left: female-female assay (p < 0.05, Kruskal–Wallis test). Right: male-male assay (ns, 
p ≥ 0.05, Kruskal–Wallis test). b2. Fly pair distance (mm) comparison among 3 genotypes. Left: female-female 
assay (p < 0.05, Kruskal–Wallis test). Right: male-male assay (ns, p ≥ 0.05, Kruskal–Wallis test). For all three-
genotype comparisons in a., b1., and b2., post-hoc pairwise comparisons were performed using Dunn’s test 
with Bonferroni-adjusted p-values: ***, p < 0.0005; **, p < 0.005; *, p < 0.05; ns, p ≥ 0.05. Pink box: experimental 
group of female-female. Blue box: experimental group of male-male. Gray box: control groups of the sex in 
comparison. Red dot: individual female-female pair. Blue dot: individual male-male pair. c1. Representative 
30-min assay of female-female interaction showing head butt events and corresponding changes in fly pair 
distance (mm) over time. Top: R26E01 > TRPA1, Middle: R26E01 > w1118, and Bottom: TRPA1 > w1118. The 
pink and grey traces represent fly pair distance over time in experimental (c1 top) and control flies (c1 middle, 
and c1 bottom), respectively. c2. Representative 30-min assay of an atypical female-female interaction in the 
R26E01 > w1118 control group, showing elevated head butt events (red ticks) without sustained periods of short 
fly pair distance (gray trace, in mm) over time. In c1. and c2., the x-axis represents time in seconds. Vertical 
red bars mark head butt events, with thicker red bars indicating bursts of high-frequency head butts within a 
short time window. The horizontal dashed blue line marks 2.5 mm, which approximates the whole-body length 
of a fly and serves as a threshold indicating proximity between flies.
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panel, activated R26E01 > TRPA1 female-female group showed significantly higher aggression index compared 
to the 5 other genotype groups. Fig.  5c right panel shows that no male-male group, including the activated 
R72A10 > TRPA1 group, displayed an elevated aggression index. The activated R72A10 > TRPA1 group showed 
significant difference in pursuit index in the 6-genotype comparison (Fig. 5.d right panel). No group of female-
female assays showed significant difference in pursuit index, including the R26E01 > TRPA1 group as expected 
(Fig. 5.d left panel).

As shown by the aggression index and pursuit index with multiple body part detection in each fly of fly 
pair experiment, the Kestrel and multi-view integration of pose estimation models provided locomotive 
measurements averaged over a 30-min recording session that were aligned with the elevated frequency of specific 
social interactions of a phenotype—increased aggression or courtship—beyond simple relative body distance.
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Head butt and UWE events show distinct pre-event locomotive features across different 
genotypes
After analyzing locomotive features over the 30-min assay time (long timescale), we next examined individual 
manually scored behaviors of interest at a short timescale. We investigated the locomotive features during the 
0.1 s before each tracked manually scored frame index of head butts or UWEs (see details in “Methods”). In 
Fig. 6a, we analyzed the head butt events from female-female interactions across 6 different genotypes. In the left 
panel of Fig. 6a, R26E01 > TRPA1 female pairs’ head butts had smaller pre-event fly pair distance in comparison 
to the head butt events from the other 5 genotypes, which aligned with the observation of experimenters during 
manual scoring. Some head butts in control groups occurred in a non-reciprocal fashion when two flies were 
further away from each other. In the right panel of Fig. 6a, the aggression indices just before head butts were 
significantly higher in the activated R26E01 > TRPA1 group, consistent with the observation that head butts 
in this genotype typically occurred when flies were positioned head-to-head. In contrast, head butts in other 
genotypes occurred in more varied relative body orientations, such as one fly striking the other’s abdomen or 
different parts of the body.

For individual UWE event’s locomotive feature, the comparison was done between UWEs from 
R72A10 > TRPA1 male pairs and UWEs from the other 5 genotypes because UWEs are rare events in control 
male-male encounters. In Fig.  6b left panel, the UWE events from R72A10 > TRPA1 male-male interactions 
showed a significant difference in pre-UWE fly pair distance. In the experimental pairs, one male fly could 
potentially perform UWE even when two males were far away in the arena, while the fewer UWEs in the other 
control groups happened when two males were close in distance. Courtship songs performed by male flies in the 
form of UWEs to female flies have been reported to be modulated by distance between the two individuals59,60, 
and the common distances discovered were similar to the male-male distances just before UWE events from this 
study. We speculate that the ability to perform UWEs at greater inter-fly distances may reflect the underlying 
mechanism by which R72A10-targeted neurons modulate courtship behavior. Additionally, in the right panel 
of Fig. 6b, the body positioning just before UWE events, represented by the pursuit index before UWEs, was 
similar between UWEs of the R72A10 > dRPA1 male pair group and UWEs of the other genotypes. This does not 
contradict the observation that UWEs for all the genotypes happen when one fly is chasing the other. R72A10-
GAL4-targeted neurons did not affect the relative body position of two flies before performing UWEs, which 
usually happens while one fly is chasing another fly.

Based on locomotive feature comparison between behavior of interest from different genotypes, we validated 
the manual score process and discovered the subtle difference in head butts of female pair with thermally 
activated R26E01 neurons compared to head butts from other control groups and UWEs of male pair with 
thermally activated R72A10 neurons compared to UWE from other control genotypes. The kestrel experiment 
setup with multi-view integration of pose estimations based on neural networks could quantify fly-fly social 
behavior beyond the behavior count.

R72A10-GAL4 targets ~ 40–45 Neurons in the central brain including a distinct cluster at the 
AL-SOG junction
Finally, we sought to characterize the neurons targeted by the R72A10-GAL4 line, whose combination with 
TRPA1 and activation at 30 °C led to an enhanced UWE phenotype in male–male assays (Fig. 4). To the best 
of our knowledge, the neurons labeled by this GAL4 line have not been previously characterized. Therefore, to 

Fig. 4.  Thermogenetic activation experiment of R72A10-GAL4 labeled neurons: Manual score of head butt, 
lunge, and UWE, and locomotion from fly tracking. a. Manual scoring of behaviors of interest for 3 genotypes: 
R72A10 > TRPA1 (experimental), R72A10 > w1118 (control), and TRPA1 > w1118 (control). Left: head butt counts 
in female–female pairs (n = 13–16). Center: UWE counts in male-male pairs (n = 13–15). Right: lunge counts 
in male-male pairs (n = 13–15). Kruskal–Wallis test was performed for multiple comparisons within each 
behavioral category. No significant difference was found in head butt counts in female-female pairs across 3 
genotypes (ns, p ≥ 0.05), while both UWE and lunge counts in male-male pairs showed significant differences 
across 3 genotypes (p < 0.05, Kruskal–Wallis test). b1. and b2. Locomotion from pose estimation comparison 
among 3 genotypes: R72A10 > TRPAI (experimental), R72A10 > w1118 (control), and TRPA1 > w1118 (control). 
b1. Fly pair traversal speed (mm/s) comparison among 3 genotypes. Left: female-female (ns, p ≥ 0.05, one-way 
ANOVA test). Right: male-male (ns, p ≥ 0.05, Kruskal–Wallis test). b2. Fly pair distance (mm) comparison 
among 3 genotypes. Left: female–female (ns, p ≥ 0.05, one-way ANOVA test). Right: male–male (p < 0.05, one-
way ANOVA test). In a., b1., and b2. for 3-genotype comparisons that passed one-way ANOVA test, Tukey’s 
test was performed with adjusted p-values: ***, p < 0.0005; **, p < 0.005; *, p < 0.05; ns, p ≥ 0.05. For 3-genotype 
comparisons that passed Kruskal–Wallis test, post-hoc pairwise comparisons were performed using Dunn’s 
test with Bonferroni-adjusted p-values: **, p < 0.005; *, p < 0.05; ns, p ≥ 0.05. Pink box: experimental group of 
female-female. Blue box: experimental group of male-male. Gray box: control groups of the sex in comparison. 
Red dot: individual female-female pair. Blue dot: individual male-male pair. c. Representative 30-min assay of 
male-male interaction showing UWE and lunge events and corresponding changes in fly pair distance (mm) 
over time. The x-axis represents time in seconds. Top: R72A10 > TRPA1, Middle: R72A10 > w1118, and Bottom: 
TRPA1 > w1118. Vertical green bars mark lunge events, and vertical blue bars mark UWE events, with thicker 
green or blue bars indicating bursts of high-frequency lunge or UWE within a short time window. The blue 
and grey traces represent fly pair distance over time in experimental (c top) and control groups (c middle, and 
c bottom), respectively. The horizontal dashed blue line marks 2.5 mm, which approximates the average whole-
body length of a fly and serves as a threshold indicating proximity between flies.
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identify the neuronal populations targeted by R72A10-GAL4, we crossed it with the UAS-mCD8::GFP reporter 
and performed immunostaining using an anti-mCD8 antibody. Immunofluorescence analysis revealed that 
R72A10-GAL4 labeled approximately 40–45 neurons in the central brain and around 10–15 neurons (Fig. 7 a1-
a3) in the ventral nerve cord (VNC) (Fig. 7 b1-b3). In the central brain, labeled neurons were observed around 
the antennal lobes, the subesophageal ganglion, the lateral protocerebral complex, and several other regions.

Upon inspection of confocal optical sections, we identified a distinct cluster of ~ 10–15 neurons located at 
the junction between the antennal lobes (AL) and the subesophageal ganglion (SOG) in each hemisphere of the 
brain (Fig. 7a3; yellow box). Neurons in this cluster extended projections toward higher brain regions such as 
the Superior Lateral Protocerebrum (SLP). Given that the AL and SOG are critical sites for sensory integration 
of olfactory and gustatory stimuli, respectively, we hypothesized that these neurons could play a modulatory 
role in sensory processing circuits and, thus, behaviors5,61. It is plausible that this cluster contributes to the 
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pronounced unilateral wing extension (UWE) phenotype observed in R72A10 > TRPA1 males and warrants 
future experimental investigation. To investigate the circuit identity of this cluster, we performed a morphological 
search with an R72A10 MultiColor FlpOut (MCFO)-labeled neuron against the hemibrain connectome via 
NeuronBridge8. This search identified a putative match, whose connectivity was further analyzed using neuPrint9. 
The candidate neuron receives substantial input from SLP, a higher-order olfactory processing center62,63, and 
sends output to the Asymmetrical Body (AB), a region implicated in olfactory memory and navigation64. These 
connections raise the possibility that the R72A10 cluster modulates behavior through an SLP–AB circuit. Future 
studies will be needed to validate this circuit and determine its role in male social behaviors.

Given the established role of octopamine in modulating male behavioral choices between aggression and 
courtship in Drosophila, we next investigated whether this cluster was octopaminergic61,65,66. To determine 
this, we performed double immunostaining on male brains from R72A10-GAL4/UAS-mCD8::GFP flies using 
antibodies against enzyme Tdc2 (Tyrosine Decarboxylase 2; anti-Tdc2), an enzyme essential for octopamine 
synthesis61, and GFP (anti-GFP). Our results revealed no co-labeling of these neurons with anti-Tdc2 and anti-
GFP, suggesting that they are not octopaminergic (Fig.  7c1-c3). At present, the neurotransmitter identity of 
this neuronal cluster remains unknown. Though not octopaminergic themselves, it is also possible that these 
neurons may interact with octopaminergic circuits, potentially modulating sensory integration pathways that 
ultimately influence male behavioral outcomes, such as the elevated UWE phenotype observed in male–male 
encounters. These findings represent an initial behavioral characterization with the R72A10-GAL4 driver and 
provide an important first step toward identifying candidate neuronal populations for more refined neural 
circuit dissection studies.

Discussion
Combining state-of-the-art imaging systems and deep learning-based animal pose estimation solutions, we 
have established a novel pipeline for investigating social behaviors in dyadic fruit fly assay and quantified them 
via locomotive features across both long and short timescales. The custom Kestrel imaging system, powered 
by Ramona’s MCAM technology, enables high-throughput dyadic behavioral assays by capturing video 
recordings with high temporal and spatial resolution, suitable for precise manual scoring and pose estimation. A 
novel 3D-printed modular chamber array provides an efficient way to prepare multiple behavioral experiments 
with minimal stress during fly transfer, while offering ample 3D space for free movement of each fly during the 
assay. Multi-view integration of video inferencing results from 3 DeepLabCut models based on different body 
orientations of a fly in single camera view was developed as open-source approach in Python environment, which 
provided comprehensive body part coordinate representation during the whole recording session at 60 Hz, with 
minimal no-detection gaps. Through this study, we highlighted the value of quantifiable measurements obtained 
from automated tracking through Kestrel, which provided an objective complement to manual scoring. These 
additional measurements supported the reproducibility and reliability of the tracking platform and underpin 
our main conclusions.

Fig. 5.  Definition of aggression and pursuit index and comparison of fly pair distance, aggression index 
and pursuit index during 30-min experiment time across different genotypes. a. Illustration of aggression 
index and pursuit index definitions based on view angles of the fly pair. Each index is derived from distance 
measurements between paired body landmarks of two flies, then normalized by body part length. f1, f2: front 
parts and r1, r2: rear parts of selected two body parts from the two flies, cr2: cross of fly 2 in the cross view 
representation, d: Euclidean distance of two tracked body parts. Left: aggression index when both flies are 
visible in top or side view. Its value ranges from –1 to 1 approximately. The higher value indicates that the two 
flies tend to be in head-to-head position during the experiment. Right: pursuit index when both flies are in top 
or side view. Its value ranges from 0 to 1 approximately. The higher value indicates that two flies tend to be in 
chasing or following body position during the experiment. Center: aggression index and pursuit index when 
one fly is in top or side view and the other is in cross view. Due to limitation of cross view model detection, 
aggression index value range in this situation is approximately from –0.5 to 0.5, and pursuit index value range 
is approximately from 0 to 0.5. b. Fly pair distance (mm) across different genotypes. Left: fly pair distances in 
female-female assays across different genotypes. R26E01 > TRPA1 female pairs showed significantly shorter fly 
pair distance compared to the other five female groups. Right: fly pair distances in male–male. c. Aggression 
index across different genotypes. Left: aggression index in female–female assays. R26E01 > TRPA1 female 
pairs showed significantly higher aggression index compared to the other five female groups. Right: aggression 
index in male–male assays. d. Pursuit index across different genotypes. Left: pursuit index in female–female 
assays. Right: pursuit index in male–male assays. R72A10 > TRPA1 male pairs showed significantly higher 
pursuit index compared to the other five groups of male-male. For all six-group comparisons in b., c., and d., 
significant differences were identified in all comparisons (p < 0.05, Kruskal–Wallis test for fly pair distance 
and pursuit index for female pair and male pair and aggression index for female pair, and p < 0.05, one-way 
ANOVA test for aggression index for male pair). For post-hoc pairwise testing, Dunn’s test with Bonferroni-
adjusted p-values was used after Kruskal–Wallis test: *** p < 0.0005; ** p < 0.005; * p < 0.05; ns: p ≥ 0.05, and 
Tukey’s test with adjusted p-values was used after one-way ANOVA test: *** p < 0.0005; ** p < 0.005; ns: p ≥ 0.05. 
Pink box: experimental group of female-female. Blue box: experimental group of male-male. Gray box: control 
groups of the sex in comparison. Red dot: individual female-female pair. Blue dot: individual male-male pair. 
Brown edge border: assay group for R26E01-GAL4 labeled neurons. Orange edge border: assay group for 
R72A10-GAL4 labeled neurons.
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Fig. 6.  Comparison of fly pair distance, aggression index and pursuit index during 0.1 s before manual scoring 
event across all tracked head butt and UWE from different genotypes. a. Comparison of Head butt events from 
different genotypes. Left: fly pair distance during 0.1 s before head butt of all tracked head butts from different 
genotypes. Right: aggression index during 0.1 s before head butt of all tracked head butts from different 
genotypes. Head butt events from female-female interactions of R26E01 > TRPA1 genotype were primed with 
shorter fly pair distance and higher aggression index between the female pair, compared to head butt events 
from other genotypes. Kruskal–Wallis tests were performed first, and significant differences were identified in 
both comparisons (p < 0.05, Kruskal–Wallis test). For post-hoc pairwise testing, Dunn’s test with Bonferroni-
adjusted p-values was used: ***, p < 0.0005; **, p < 0.005; *, p < 0.05; ns, p ≥ 0.05. b. Comparison between UWE 
events from R72A10 > TRPA1 line and UWE events from all the other genotypes. Due to the rarity of UWE 
events from male-male interactions in control groups, the comparison was performed between UWEs from 
R72A10 > TRPA1 line, n = 396, and UWEs from all the other genotypes, n = 141. Left: fly pair distance during 
0.1 s before UWE of all tracked UWEs from R72A10 > TRPA1 genotype and all the other 5 genotypes. Right: 
pursuit index during 0.1 s before UWE of all tracked UWEs from R72A10 > TRPA1 genotype and all the other 
5 genotypes. UWE events from male-male interactions of R72A10 > TRPA1 genotype happened in a wider fly 
pair distance range. Some of the UWEs happened when male-male pairs were farther apart. The pursuit index 
before UWE did not show a difference between two groups of UWE events. The data did not pass the test of 
normality by the Shapiro–Wilk normality result. Mann–Whitney U test was used for pairwise testing: ***, 
p < 0.0005; ns, p ≥ 0.05. Pink box: experimental group of female-female. Blue box: experimental group of male-
mal e. Gray box: control groups of the sex in comparison. Red dot: individual head butt. Blue dot: individual 
UWE. Brown edge border: assay group for R26E01-GAL4 labeled neurons. Orange edge border: assay group 
for R72A10-GAL4 labeled neurons. Unlike Figs. 3–5, which summarize one data point per 30-min fly pair 
assay, Fig. 6 reports data at the level of individual behavioral events (all headbutts and UWEs recorded across 
assays).
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To evaluate the system’s reproducibility, effectiveness, and efficiency in detecting social phenotypes, we 
tested two GAL4 driver lines—R26E01 and R72A10—crossed to the thermogenetic effector line TRPA1. Same-
sex, age-matched flies reared in isolation were recorded at 30 °C. Across all recordings, fly pair detection rate 
exceeded 92% at 60 Hz and 95% at 10 Hz. To further assess fidelity of fly pair detection in studying behaviors, 
we defined an “event tracking rate” as a criterion to see if the pose estimation implementation was selectively 
missing body part tracking at the manually scored timestamps of behaviors of interest, and despite higher 
requirement threshold, event tracking rates of head butt, UWE and lunge were comparable to fly pair detection 
rate, at around 90%. This multi-view approach mitigates common pose estimation challenges, including those 
arising from unrestrained fly movement, occlusion, and inconsistent tracking quality.

Using female and male pairs from a control group (TRPA1 × w1118), we evaluated the pose estimation results 
based on known features of fruit fly anatomy and locomotion from previous studies and our own observations 
in this study. The system was able to measure whole body length and body segment length of individual flies, and 
the results aligned with the known differences in female and male body size54 and could be used as a screening 
tool to confirm the sex of subjects in a fly experiment when social interaction is absent. Locomotive features were 
compared between female pairs and male pairs. We found that there was no significant difference in average 

Fig. 7.  Expression pattern of R72A10-GAL4 in the adult Drosophila central nervous system and lack of 
Octopaminergic Identity. Confocal images show UAS-mCD8::GFP expression driven by R72A10-GAL4 in the 
central brain (a1–a3) and ventral nerve cord (b1–b3) of an adult male fly. R72A10-labeled neurons (green) 
are visualized using α-mCD8 staining, and neuropil regions are counterstained with α-NC82 (gray). In the 
central brain (a1, a3), labeled neurons are distributed across several regions, including the antennal lobes (AL), 
subesophageal ganglion (SOG), and lateral protocerebral complex. A cluster of ~ 10–15 neurons is consistently 
observed at the AL–SOG junction (yellow rectangle), with cell bodies located at this junction and projections 
extending toward higher brain regions (a3). Additionally, approximately 10 -12 neurons were labeled in the 
ventral nerve cord (b1-b3).To examine neurotransmitter identity, brains of R72A10-GAL4/UAS-mCD8::GFP 
flies were co-labeled with α-GFP (green) to mark R72A10 neurons (c1) and α-Tdc2 (magenta) to mark 
octopaminergic neurons (c2). No overlap was detected in the merged image (c3), suggesting the neurons are 
not octopaminergic. The yellow rectangle highlights the ~ 10–15 neurons at the AL–SOG junction (c3). Scale 
bars, 25 µm.
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fly pair distance between female pairs and male pairs. Consistent with a previous study, male–male pairs, after 
isolation in confined space, exhibited increased movement55; this was reflected in their higher fly pair traversal 
speed compared to their female counterparts. Manual counts of aggressive behaviors—head butts in female 
pairs and lunges in male pairs—were compared against locomotive features. The linear correlations between 
behavior counts and locomotive metrics across the experimental duration did not contradict the observed social 
interactions in control groups.

An important feature of the system was its capacity for high-throughput behavioral recording, enabling 
manual scorers to capture clear phenotypes while also providing moment-to-moment locomotor measurements. 
To assess whether our setup could faithfully replicate previously published results, we conducted dyadic fruit 
fly behavioral assays in which neurons targeted by the R26E01-GAL4 driver were thermogenetically activated 
using the TRPA1 thermosensitive cation channel at 30°C. In line with prior findings12, manual annotation of 
Kestrel-recorded videos revealed elevated head butt frequency in R26E01 > TRPA1 female pairs, consistent with 
an aggression-promoting effect. We note that the absolute number of headbutts observed in this study appears 
different from what was previously reported12. This difference likely reflects the use of a novel chamber setup as 
well as the fact that headbutts were scored by a different independent investigator, where subtle subjectivity in 
annotation standards is possible. While these factors likely contribute to the observed discrepancy, the overall 
trend is consistent across studies: R26E01 > TrpA1 females exhibit significantly elevated aggression compared 
to controls. In contrast, no significant increase in aggression was observed in male pairs of the same genotype. 
Next, we activated a distinct population of approximately 40–45 neurons targeted by R72A10-GAL4, a previously 
uncharacterized driver, and manually annotated behaviors from Kestrel-recorded dyadic assays. In male–male 
assays, thermogenetic activation of R72A10 neurons resulted in a robust increase in unilateral wing extension 
(UWE), a well-established marker of courtship behavior. This increase occurred without any detectable change 
in aggression. R72A10 > TRPA1 females on the other hand did not show increased aggression or courtship 
behavior upon activation. Control male–male assays were dominated by aggressive interactions with minimal or 
no courtship. Therefore, the observed enhancement of male–male courtship upon activation of R72A10 neurons 
suggests that this neuronal population shifts behavioral output toward courtship in this social context.

To probe the neural basis of the R72A10-driven behavioral phenotype, we examined the anatomy and 
neurochemical identity of the labeled neurons. Among ~ 40–45 central brain neurons targeted by the R72A10-
GAL4, a distinct cluster of ~ 10–15 was located at the AL–SOG junction, a region involved in integrating olfactory 
and gustatory cues. Among several regions in the brain, these neurons projected to SLP, a higher-order region 
for olfactory processing. To explore the circuit context of this cluster, we used NeuronBridge to match R72A10 
MCFO-labeled neurons with hemibrain reconstructions, followed by connectivity analysis in neuPrint. This 
analysis revealed candidate neurons receiving strong inputs from the SLP and sending outputs to AB, a region 
implicated in olfactory memory and navigation7,8,62,64. Because olfaction is one of the predominant sensory 
modalities guiding both male–male and male–female encounters, and a key means by which flies recognize 
sex5,67, mechanistic dissection of this putative circuit could provide important insights into how sensory cues 
are integrated to shape social behavioral choices. To further explore the neurochemical identity of this cluster, 
we performed immunostaining for octopaminergic markers, given the well-established role of octopamine in 
regulating male social behavior in Drosophila. The neurons at the AL–SOG junction were not octopaminergic, 
and their transmitter identity remains unknown. Further immunostaining for additional neurotransmitter 
markers and genetic assays will be necessary to resolve their molecular profile.

In this study, we used fly pair distance and traversal speed as locomotive indicators of increased aggression 
(enhanced head butts) or courtship (enhanced UWEs). Intuitively, fly pair distance reflects the frequency or 
intensity of social interaction, and our system reliably detected significant differences in this measure over a 30-
min window between female pairs with high head butt counts or male pairs with high UWE counts, compared 
to their respective controls. In contrast, fly pair traversal speed over 30 min was not a statistically significant 
predictor of social behavior.

By leveraging multi–body part detection, we created an aggression index and a pursuit index—relative body 
position measures—to represent different types of fly pair social interaction, namely aggression and courtship, 
during a recording session by MCAM. By combining the two experimental sets, we tested one experimental 
group against five control groups, enabling a stricter statistical comparison than a standard three-group analysis. 
The aggression index strongly indicated elevated aggression in the R26E01 > TRPA1 female pairs, whereas 
R72A10 > TRPA1 male pairs with frequent UWEs did not differ significantly in aggression index compared 
to the control groups. Conversely, male pairs from the R72A10 > TRPA1 group with frequent UWEs showed 
a significantly higher pursuit index than control male pairs. These locomotive features, derived from pose 
estimation, demonstrate that the Kestrel system supports high-throughput, high-resolution recording of fly 
social interaction, and that post-experiment body part tracking is sufficient to capture consistent interaction 
phenotypes over multi-minute timescales.

Furthermore, we investigated locomotive features on the timescale of individual events—head butts and 
UWEs—in fly pairs of different genotypes. For the R26E01 driver line, in addition to increased aggression as 
indicated by higher head butt counts in female pairs, we found that fly pair distance immediately before head 
butts was shorter in the experimental group than in the five control groups. Aggression index prior to head butts 
was also higher in the experimental group, suggesting that head butts occurred more frequently in a reciprocal 
rather than one-sided manner. Pursuit index before UWEs in R72A10 > TRPA1 male pairs was not significantly 
different from that of control male pairs, consistent with the observation that UWE—though rare in control 
males—often occurred when one fly was chasing another, producing a similar body position profile as that 
observed in R72A10-activated flies. However, UWE events in the experimental group more frequently occurred 
at greater fly pair distances, whereas in control groups, UWEs were almost exclusively observed when the flies 
were in proximity. These differences in locomotive features preceding well-defined behaviors such as head butts 
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and UWEs may reflect distinct motivational states, modulated by different neural or circuit-level mechanisms. 
Additional behavioral data, baseline recordings, and refined feature extraction will be essential for developing 
closed-loop fly social behavior systems capable of early behavior prediction and real-time stimulation control68.

This study demonstrates that high-resolution, high-throughput behavioral tracking, combined with multi-
body part pose estimation, enables precise quantification of social behaviors in Drosophila over extended 
timescales. By capturing both fine-scale locomotive dynamics and discrete behavioral events such as head butts 
and unilateral wing extensions, the MCAM-based pipeline bridges traditional manual scoring with scalable 
computational approaches. The integration of spatial tracking, pose-derived behavioral indices, and genotype-
specific manipulation revealed how distinct neural populations modulate aggression and courtship in sex- and 
context-dependent ways. Notably, the system detected subtle but behaviorally meaningful variations—such as 
differences in pairwise distance and pursuit—both across entire assays and immediately preceding individual 
events. These features not only validated established phenotypes but also uncovered new spatiotemporal 
signatures that may reflect underlying motivational states. As a flexible, open-source platform, this pipeline 
offers a robust tool for linking neural circuit activity to behavior and provides a foundation for future closed-
loop experiments and predictive modeling in freely moving animals.

Methods
Fly stocks
Flies were reared on standard cornmeal-sucrose-yeast-agar food under 50% relative humidity and maintained on 
a 12 h light / 12 h dark cycle. The following Drosophila melanogaster stocks were obtained from the Bloomington 
Drosophila Stock Center: R26E01-GAL4 (#60510), R72A10-GAL4 (#48306), UAS-mCD8::GFP (#32185), and 
UAS-dTRPA1 (#26264).

Fly rearing and preparation for behavioral experiments
All fly crosses were performed at 19 °C. During the late pupal stage, individual flies were transferred to glass vials 
(10 mm × 75 mm; VWR catalog #47,729–568) containing 1 mL of standard cornmeal-sucrose-yeast-agar food. 
Flies eclosed in these vials, remained socially isolated throughout adulthood at 19 °C, and were subsequently 
transferred to 30 °C assay chambers for TRPA1 thermogenic activation during behavioral testing. Shortly after 
eclosion, each fly was briefly anesthetized with CO₂ and marked on the dorsal thorax with a small paint dot. 
To enable individual identification during experiments and data recording, two paint colors were used: one fly 
received a blue paint dot and the other received a white paint dot. Flies were returned to their original vials 
for recovery and allowed at least 48 h before behavioral testing. Behavioral experiments were performed using 
same-sex, same-genotype pairings of age-matched flies (10–24 days old)12,57,67.

Behavioral assay setup and recording
Fly behavioral assay was conducted using the Kestrel, which enables simultaneous high-resolution behavioral 
recording across multiple arenas with a wide field of view and high temporal resolution. A custom-designed 
Kestrel-compatible 2 × 4 arena chamber array was used to conduct eight parallel same-sex fly-fly interactions 
per recording session. The floor of each chamber contained a central 7 mm circular food patch consisting of 70 
µL standard fly food topped with 10 µL yeast solution to promote fly interactions. Each chamber was equipped 
with a movable divider. Via the opening on each side of the chamber, each fly was transferred via phototaxis and 
gravitaxis from individual glass vial into the chamber without stress of air aspiration or other physical contact, 
and two flies for social interaction experiment were kept separated before recording started.

At the start of each recording session, the eight arena chambers were slotted into fixed positions on the 
Kestrel arena base plate. Dividers were retracted simultaneously with the onset of video acquisition, allowing 
paired flies to interact freely. Each session lasted 35 min, and the initial 30-min encounter was used for manual 
scoring and automated data analysis. The Kestrel system automatically parsed the composite video into eight 
individual fly-fly recordings (one per chamber) at 60 Hz and 576 × 576-pixel resolution. Additional details on the 
arena design, chamber configuration, and the Kestrel imaging setup are provided in Fig. 1 of the Results section.

Computing hardware and software
Two desktop computers running Ubuntu operating systems were used in the study for computing purposes. One 
desktop computer in lab space with Intel Xeon(R) W-2245 and Quadro RTX 5000 on Ubuntu 22.04.3 LTS was 
used as part of the Kestrel to record fly pair assay and run DeepLabCut inference. The other desktop computer in 
office space with AMD Ryzen 7 7700 × and NVIDIA GeForce RTX 4070 Ti SUPER on Ubuntu 24.04.01 LTS was 
used for the purposes of general coding, DeepLabCut model training, and DeepLabCut inference. All analyses 
and algorithms were conducted in Python 3.10 using Jupyter Notebook for code execution and data visualization.

DeepLabCut implementation
DeepLabCut model training
We used DeepLabCut v3.0.0 for pose estimation. Specifically, we used a ResNet-152-based neural network with 
default parameters, validated with a 95% training and 5% testing split and 1 shuffle. For the top view model, we 
labeled 305 frames from clips of manually scored head butt, lunge, and UWE events when fly pairs were in the 
top view angle, with 12 body parts, including head, left eye, right eye, center, tail, wing close, left wing point 0, 
left wing point 1, left wing point 2, right wing point 0, right wing point 1, and right wing point 2. After 100,000 
training iterations, the top view model had a training error of 2.66 pixels and a test error of 3.26 pixels. For the 
side view model, we labeled 300 frames from clips of manually scored head butt, lunge, and UWE events when 
fly pairs were in the side view angle, with 7 body parts, including mouth, head, center, tail, wing close, wing 
extend 0, and wing extend 1. After 90,000 training iterations, the side view model had a training error of 3.14 
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pixels and a test error of 3.49 pixels. 158 frames from the top view and side view model inference result were used 
to train the cross view model, with 8 body parts, including “top”, “top left”, “top right”, “left”, “right”, “down left”, 
“down right” and “down”. After 30,000 training iterations, the cross view model had a training error of 3.36 pixels 
and a test error of 4.40 pixels. Body parts such as head, center, and tail from the top and side view models and 
“top”, “left”, “right”, and “down” from the cross view model were used for locomotion analysis. All the training 
clips for the top view and side view model training were from 18 fly-fly videos from the first 4 experiment 
recording days for R72A10-GAL4 labeled neuron activation. Outlier frames used for cross view model training 
were taken from 5 fly-fly videos recorded on the first experiment day.

Pre-DeepLabCut-inference preparations
The MCAM software automatically crops out fly-fly video of 576 by 576 pixels based on the custom chamber 
after a recording session. However, further cropping was performed to recenter the arena in each video due 
to slight differences in chamber location in the camera view and to accelerate the DeepLabCut inference 
process. Using HoughCircles() in the opencv2 Python module, the center and inner radius of the arena were 
determined in pixel units. The inner radius of the arena in pixel units across all videos ranged between 225 and 
235 for a physical size of 8.4 mm, so a pixel-to-physical scale ratio was calculated for each fly-fly video. During 
DeepLabCut inference, further cropping was performed based on the center location of the arena and extending 
240 pixels in all 4 directions, which covers the entire arena inner radius.

Fly body segment length measurement
The body segment length of individual fly was measured by using a section of video recording with fly pair pose 
estimation results of high confidence from top or side view model. The section of pose estimation result is an at 
least 1-s-long time window meeting three conditions: (1) All head, center, and tail are detected from both flies 
at every frame in the time window; (2) The head-to-head, tail-to-tail, and head-to-tail distances between the fly 
pair are at least 1 mm apart to guarantee clear separation of two flies in view; (3) With 6 mm distance between 
center body part to arena center as threshold, it is decided whether the section is from top or side view model. 
If both center body parts are within the 6 mm threshold, then both flies are on the floor in top view angle and, 
hence, the section for body segment length measurement is from top view model pose estimation result. If both 
center body parts are outside the 6 mm threshold, the side view model pose estimation is used.

The average distance between the front part, f , and the rear part, r, is defined as the length of the body 
segment, d (f, r). The front and rear part are head and tail for whole body segment, head and center for 
head + thorax segment, or center and tail for abdomen segment.

View-selection filter for multi-view integration
The view-selection filter is based on DeepLabCut pose estimations’ confidence number and fly realistic physical 
size. Following priorities steps and rules, the filter fills the gap of the head, center, and tail detections of fly pair 
in the top view model baseline to form multi-view coordinate array (MVCA).

In step 1, the confidence number (conf: 0 to 1) from the DeepLabCut output is used to decide which pose 
estimation from the top view model is used directly. From top view model inference, pose pairs with conf > 0.95 
are used in the MVCA. For example, fly 1 tail with conf = 1 and fly 2 tail with conf = 0.99, then the tail pair 
estimation is defined as tail pair locations in the MVCA.

Step 2 utilizes frames when only one specific body part of a single fly is detected in the top view model. The 
other fly’s said body part is searched for in pose estimation from side view model inference. Three thresholds 
are used to decide if the side view body part is to be paired with the top view counterpart: (1) conf is > 0.99; 
(2) distance threshold from top view counterpart is > 0.5 mm (~ 15 pixels); (3) the one of two from side view is 
further away from the fly with top view counterpart.

After utilizing all the viable detection from top view, step 1 and step 2 were repeated for all the remaining 
frames with side view model inference to fill the remaining undefined pose pair in MVCA. The only difference 
here is an increased distance threshold, 3 mm (~ 100 pixels), significantly larger than the length of an average 
fly. At this step, single-fly body part pose estimation, not pair, from the side view model is still being considered 
because the top view model did not provide any pose estimation about this specific body part. So this specific 
body part pose estimation’s viability is decided by its relative location to known pose estimations of other body 
parts in MVCA. So a larger distance threshold is used for a conservative approach.

When all the head, center and tail pose estimations from top and side view models are depleted, cross view 
model inference is used to fill the gap in fly pair observation in the final step. 4 poses in cross view model have 
a strict DeepLabCut conf threshold of 1.0, and “cross”, the average of 4 poses, is used as the single body part in 
the cross view. For timestamps without pose estimation of either fly in MVCA, viable “cross” pair in cross view 
model fills in MVCA. For frames with pose estimation of single fly in MVCA, “cross” coordinate that is farther 
away from the known fly location in MVCA will be used in MVCA for the other fly.

Besides fly pair MVCA at 60 Hz from original 60fps video recording, down-sampled results at 10 Hz and 
1 Hz are also used, by averaging tracked body part coordinates in respective sampling windows. The threshold 
for if a body part is tracked at down-sampled timestamp is 10% of the 60 Hz data points within the lower rate 
window. For example, 10 Hz sampling window length is 6, so as long as there is one frame that returns viable 
body part coordinate in the sampling window, the timestamp for 10 Hz sampling rate is defined as viable. For 
the 1 Hz sampling window, the threshold is 6 data points out of a 60-frame window.
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Fly pair tracking performance evaluation
Fly pair detection rate
Fly pair detection rate (%) is defined to evaluate how completely the integrated body part tracking result covers 
the fly pair’s location in the custom arena during the experiment time. To achieve an accurate representation of 
the body positioning of two flies, at least two pairs of body parts from both flies are required to be tracked when 
both flies are in the top view or side view angle. For example, if the body part tracking result at one timestamp 
has one fly’s center and tail coordinates, and the other fly’s head, center, and tail coordinates, this frame is defined 
as a viable fly pair detection because both flies have center and tail coordinates estimated. For another example, 
if one fly has head and center coordinates but the other has center and tail coordinates, this frame is defined as a 
nonviable fly pair detection. This criterion reduces inaccuracy due to misidentification of the owner of the body 
part. Despite extensive filtering, as in the example, we can only have very high confidence that the two detected 
center body parts are from two different flies, and lower confidence that the head and tail are correctly assigned 
to different flies. Another case of viable fly pair detection occurs when both flies are in the cross view angle, or 
when one fly is in the top or side view angle and the other is in the cross view angle.  

The fly in the floor or side view angle is required to have at least two body part detections. The definition of 
fly pair detection rate provides a baseline for other locomotion parameters used in the study. Fly pair detection 
rate also represents the percentage of time that the following locomotion parameters are viable during the 
experiment.

Event tracking rate
Built upon the fly pair detection rate, event tracking rate (%) is a metric that quantifies the proportion of 
successfully tracked behavioral events relative to the total number of manually counted events. A successfully 
tracked event is defined when the event window of 5 frames (1/12 of a second), centered around the frame 
timestamp of the manually scored event, has a fly pair detection rate equal to or higher than 80%—that is, at least 
4 out of 5 frames have viable fly pair detection.

Locomotion parameters
Fly pair distance
Fly pair distance (mm) is the Euclidean distance between two flies’ body centers. There are 3 ways to acquire 
approximate body center locations: (1) the average of head and tail coordinates; (2) the coordinate of center body 
part; (3) the cross coordinate when a fly is in cross view angle. The body center of one fly is defined as an average 
of viable approximate body center locations from a frame.

Fly pair traversal speed
Fly pair traversal speed (mm/s) is used to define how much distance a fly pair as whole traverses inside a custom 
arena during a specific period, an average of two flies’ body center speed. To focus on measuring traversal 
distance, not the localized bursts of movements, exemplified by sustained fencing, female head butt or male 
lunge, multi-view coordinate array at 10 Hz sampling rate is used to calculate the speeds of two tracked flies, 
Vfly1tracked and Vfly2tracked as average body center displacement between frames divided by 0.1 s due to 10 Hz 
sampling rate.

To reduce the error of tracking identification switching during the whole experiment, fly pair traversal 
speed, Vpair , is defined to reliably estimate as shown in the equation below. In this example case, if there 
was a misidentification for 5% of whole tracking period, the average result of speeds of two tracked flies is 
approximately equal to average of speeds of two flies with true identifications, Vfly1 and Vfly2:

	
Vpair = Vfly1 + Vfly2

2 = 95% × Vfly1 + 5% × Vfly2

2 + 95% × Vfly2 + 5% × Vfly1

2

	
≈ Vfly1tracked + Vfly2tracked

2

This calculation removed the segments of potential misidentification during the tracking period, and only 
timestamps of identity switch were not considered.

Aggression index and pursuit index
To depict social behavior of two flies, aggression index and pursuit index are introduced as normalized position 
parameters utilizing at least two pairs of body part detections from head, center, and tail of top view and side 
view models’ combination. As shown in Fig. 5.a, two pairs of body parts from two flies includes front part of 
fly 1, f1, rear part of fly 1, r1, front part of fly 2, f2, and rear part of fly 2, r2. The summation of body segment 
measurements of the two flies:

	 lfr = d (f1, r1) + d (f2, r2)

was used as a divisor in the normalization process for each fly pair detection situation.
Specifically, aggression index measures if the flies are “front to front” or “rear to rear” by using distance 

between two flies rear parts, d (r1, r2), and distance between two flies front parts, d (f1, f2):

	
AggressionIndex = d (r1, r2) − d (f1, f2)

lfr
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Because the theoretical difference between rear parts distance and front parts distance is between −lfr  and lfr , 
the aggression index is theoretically a value between –1 and 1 after normalization, with a higher value indicating 
two flies are in a relative position of “front to front”.

For pursuit index, it measures if the flies are “front to rear” or not “front to rear” by using distances between 
front part of one fly and rear part of the other fly, d (f1, r2) and d (f2, r1):

	
P ursuitIndex = |d (f1, r2) − d (f2, r1)|

lfr

Because the theoretical absolute difference between distances between fly’s front part to the other fly’s rear part is 
between 0 and lfr , the pursuit index is theoretically a value between 0 and 1, with a higher value indicating that 
two flies are in a relative position of one chasing or following the other.

Fly pair distance, aggression index and pursuit index before an event was calculated for all tracked HB and 
UWE events. Based on the criterion for tracked event, every tracked event has viable fly pair detection in 0.1-s 
time window of 6 frames, including the frame of manually scored timestamp of the event and 5 frames preceding 
it. Hence, the average value of locomotion parameters in the 0.1-s time window, including fly pair distance, 
aggression index and pursuit index is defined as “locomotion parameter before event”, for instance, “aggression 
index before HB” or “fly pair distance before UWE”. Due to pose estimation error at each frame, these average 
aggression and pursuit indexes over a short time window may fall outside the theoretical value range.

Statistics analysis
For two-group comparisons, the Shapiro–Wilk test of normality was used to initially determine data distribution 
for each group. If p > 0.05, the data group was determined to have a normal distribution. The Mann–Whitney U 
test was used for two groups that were non-normally distributed, and the independent t-test was used for two 
groups that were both normally distributed. For correlation analysis between a pair of data points, Pearson’s R2 
and p-value were used. For comparisons of three groups and six groups in this study, the Shapiro–Wilk test of 
normality was performed for each group of data points. A one-way ANOVA test was used for normally distributed 
groups, and Tukey’s test with adjusted p-values was then performed as a post hoc pairwise comparison. For non-
normally distributed groups, the Kruskal–Wallis test was performed, and for tests with p values < 0.05, significant 
differences were identified among the groups. For post hoc pairwise comparisons, Dunn’s test with Bonferroni-
adjusted p-values was performed. All box plots in the study were plotted with the first and third quartiles as the 
box boundaries, the median line in the box, and whiskers extending to the minimum and maximum values of 
the data groups. For a detailed list of statistical tests performed and associated p-values, see Supplementary Data 
2: Statistics.

Immunostaining and imaging
Adult male brains and ventral nerve cords (VNC) were dissected, fixed, and stained as described previously49,57. 
The following primary antibodies were used: rat α-mouse CD8 (1:100, Invitrogen, MCD0800), mouse α-nc82 
(1:20, Developmental Studies Hybridoma Bank), and rabbit α-TDC2 (1:100, Covalab). Secondary antibodies 
conjugated to Alexa Fluor 488, Alexa Fluor 594, or Alexa Fluor 647 (Molecular Probes) were used at a dilution 
of 1:200. Labeled brains were mounted in Vectashield (Vector Labs, #H1000). All images are confocal serial 
sections acquired using an Olympus FluoView FV1000 microscope with either a 20 × /NA 0.75 (air) objective 
or a 60 × /NA 1.42 (oil) objective and processed in Fiji (https://fiji.sc/). Maximum intensity projections were 
generated for visualizing the neurons.

Data availability
The datasets generated and/or analyzed during the current study are available upon request. All Jupyter note-
books and Python scripts used in the study are available at: https://github.com/ziyingc/flypairtracking.
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