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Multifaceted and extensive 
behavioral trajectories of 
genomically diverse Drosophila 
lines
Daiki X. Sato   1,2 ✉, Takahira Okuyama   3 & Yuma Takahashi2 ✉

Detailed tracking data is essential to understanding the intricate mechanisms behind animal behavior. 
Here, we present a comprehensive dataset containing behavioral movies and trajectories from over 
30,000 Drosophila melanogaster individuals across 105 genetically distinct strains, including 104 wild-
type strains from the Drosophila Genetic Reference Panel, along with one visually impaired mutant. 
These data, categorized by genetic background, sex, and social context (isolated or in groups), were 
collected during 15-minute sessions that included five minutes of repeated looming stimuli to elicit 
fear responses. Additionally, our experimental design incorporated group experiments with randomly 
combined pairs of strains to investigate synergistic effects of group members on behavioral dynamics. 
Beyond enabling detailed analyses of genetic factors underlying locomotion, fear responses, and social 
interactions, this dataset provides a unique opportunity to examine individual behavioral variability 
within genetically identical flies. By capturing a broad spectrum of behaviors across different genetic 
and environmental contexts, these data serve as a valuable resource for advancing our understanding 
of how genetics, individuality, and group interactions shape animal behavior.

Background & Summary
Behavioral genetics lies at the intersection of understanding how inherited traits are expressed in complex 
behaviors, a foundational question in life sciences. The fruit fly, Drosophila melanogaster, is an ideal model for 
such a quest, as it can be easily cultured due to its short generation time and many offsprings and has a compact 
genome that contains many orthologous genes involved in human diseases. Additionally, a range of genetic tools 
enables us to manipulate the fly’s nervous system and behavior. These features allow for high-throughput behav-
ioral assays and omics studies, making it an exceptionally powerful model organism in the field1–4. Building on 
this foundation, we present a behavioral dataset derived from 36,600 flies, encompassing 104 inbred, isogenic 
wild-type strains and a mutant strain. This extensive and unique dataset refines our understanding of how 
genetic variations influence behavior and integrates experimental techniques to simulate environmental threats, 
thereby enhancing the ecological validity of our observations.

At the core of this dataset is the methodological rigor of employing isogenic lines, ensuring that the observed 
behavioral traits accurately reflect genetic influences, rather than environmental or developmental variability. 
Specifically, we exposed flies to computer-controlled looming stimuli—simulating predatory threats—to capture 
a range of behaviors including baseline locomotor activity, exploration, freezing, and social interactions, quan-
tified with advanced tracking software. Further employing the approach of genome-wide association studies 
(GWAS) enables us to dissect the genetic determinants of behavior, providing insights into how specific genetic 
variations affect collective behavioral phenotypes and enhancing our understanding of the genetic architecture 
that underlies complex behavioral traits.

Our research also includes experiments on mixed groups of genetically distinct strains, exploring the impact 
of genetic diversity on group behavior. This aspect of the study illuminates the role of interindividual genetic var-
iation in shaping group-level behavioral dynamics, offering a unique perspective on how genetic diversity within 
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a group affects collective responses to environmental stimuli and underscores the evolutionary implications of 
genetic variability on social behavior.

By integrating sophisticated experimental designs with genetic uniformity and diversity, this dataset repre-
sents a significant advance in behavioral genetics (Fig. 1). It enhances our comprehension of the genetic basis of 
individual and collective behaviors in response to environmental challenges and sets the stage for future research 
into the interactions between behavior, genetics, neuroscience, and evolution. As a comprehensive resource, the 
dataset invites the scientific community to explore the genetic complexities of behavior, fostering innovative 
insights and methodologies in the quest to decipher the intricate genetic codes that govern animals’ behavioral 
patterns.

Methods
Fly strains and keeping conditions.  In our study, we utilized a selection of 104 strains from the Drosophila 
Genetic Reference Panel (DGRP), which reflects the natural genetic variation found within a population from 
North Carolina, US. To assess the role of visual information in our experiments, we included the visually impaired 
mutant strain w[*] norpA[P12]5. All strains were sourced from the Bloomington Drosophila Stock Center, with 
the specific strains and their stock numbers detailed in Supplementary Table 1. The flies were maintained at 
25 °C and 40–60% humidity, following a 12 L:12D light-dark cycle, and were fed standard food (Bloomington 
Formulation, Nutri-Fly™, #66–113, Genesee Scientific). We tested adult flies from both sexes, aged 2–4 days 
post-eclosion, in our behavioral assays, with 20 flies per sex and social setting for each strain.

In addition to the single-strain trials, we also conducted experiments with mixed-strain groups to explore 
how genetic and behavioral diversity influences group dynamics. We chose 15 DGRP strains alongside the 
mutant strain and created groups consisting of six female flies, with three individuals from each of two different 
strains, resulting in 120 unique pairings (n = 10 for each pairing).

Behavioral assay under looming stimuli.  Behavioral tests were carried out within the Zeitgeber period 
of 0–12 in an incubator that maintained consistent temperature and humidity levels similar to those used for 
housing the flies. The setup for the experiments was aligned with the configurations shown in Fig. 1a and fol-
lowed methodologies referenced in prior studies6. We chose six individuals to be grouped since the previous 
study demonstrated the number to be enough to show group effect in the assay7. In brief, flies, either individually 
or in groups of six, were anesthetized using CO2 and positioned in a specially designed arena with inclined walls 
(30 mm in diameter and 2 mm deep; Supplementary Data 1), which prevented the flies from flying. To mini-
mize sexual behaviors that might interfere with the response to visual stimuli and interactions among flies, we 
employed single-sex groups in the group experiments. After a 30-minute acclimation period, which included a 
5-minute recording session, the flies were subjected to looming stimuli for 5 minutes. This involved 20 episodes of 
a black circle expanding over 500 ms on a white background, occurring every 15 seconds as previously described6. 
This was followed by another 5-minute unstimulated session, allowing for potential investigations into the recov-
ery from the fear response. The stimuli were displayed at a 60 Hz refresh rate on a 13.3-inch EVICIV monitor, 

Fig. 1  Experimental workflow and example usages of the large-scale behavioral dataset of fruit flies. (a) The 
experimental setup in the current study. Utilizing over a hundred of strains and strain-pairs allows for detailed 
quantification of behavior. The provided dataset comprises of 9,600 files of raw movies and tracking data. 
(b) The usages of the dataset includes not only behavioral genetics research but also in-depth investigation of 
behavioral phenomena, as well as development of novel toolkits. Along with conventional GWAS approach 
using strain-level metrics, our mixed-strain approach allows for the quantification of higher-level traits [e.g., 
diversity effect (DE) arising from the genetic diversity within groups] and investigation on their genetic 
substrates with genome-wide higher-level association study (GHAS).
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which was angled at 45 degrees toward the experimental platform. This platform featured 12 separate arenas and 
was equipped with an LED board (147 mm wide × 115 mm high, 7500 lx, TLB-MP, Asone Co., Japan) positioned 
underneath. Flies from each experimental group—differentiated by strain, sex, and social setting—were ran-
domly assigned to one of the arenas. Behavioral responses were captured using a USB3 camera (DMK33UX290, 
The Imaging Source, Germany) at a resolution of 640 × 480 pixels, recording at approximately 50 frames per 
second, and managed via a custom Python script. Example videos for the three (single, group, and mixed-group) 
conditions of flies are provided as Supplementary Videos 1–3.

Behavioral tracking and calculation of behavioral indices.  Recorded videos were trimmed for each 
arena, and flies’ behavior was primarily tracked by the Tracktor software8. However, we identified tracking errors 
that required corrections. To address these issues, we built an additional custom Python script. This script cor-
rects: (1) instances where movement exceeded a threshold of 30 pixels per frame, which corresponds to roughly 
triple the fly’s body length and suggests implausible movements rather than actual fly activity; (2) errors in iden-
tity swaps among individual flies due to crossing paths or overlapping trajectories; and (3) tracked points errone-
ously located outside the designated arena area, which was supposed to be masked to exclude from analysis. To 
rectify these issues, the script automatically reverted the coordinates of the affected flies to those of the previous 
frame whenever any of these conditions were met, ensuring the consistency and reliability of our behavioral data 
for subsequent analysis. To further reduce tracking calibration errors, we used the weighted moving average of 
coordinates computed over a time span consisting of the time point of interest and the preceding 8 time points 
(i.e., 9 time points in total). These coordinates were then used to calculate, for each time point, the distance trav-
eled from the previous time point, moving speed (distance traveled divided by frame intervals), and head angle 
(determined from the displacement between time points 50 before and 50 after the time point of interest). The 
resulting measures were averaged at 0.5-s intervals for subsequent analyses.

Based on the coordinates at 0.5-second intervals, we calculated several time-averaged behavioral indices, 
including moving speed (traveled distance divided by frame intervals; mm/s), and nearest neighbor distance 
(NND; mm) for the first 5 minutes as indices of locomotor activity and sociality, respectively. We also calculated 
the time (s) spent in the center of the arena (i.e., within 7.5 mm from the center) during the first 5 minutes as 
the index of boldness. In the middle 5 minutes of the experiment, the average time taken to restore the moving 
speed to the baseline level (i.e., the mean moving speed during the first 5 minutes) after exposure to stimuli 
was used as an indicator of the fear response to threatening stimuli and is hereafter called freezing duration (s). 
The summary statistics, including the mean and standard deviation, for these metrics across the 105 strains are 
detailed in Supplementary Table 2.

Validation of tracking performance and behavioral metrics.  To examine the performance of our 
tracking procedure, we compared it to that of FlyTracker9, a broadly used software to track flies’ behavior with 
high accuracy. We used randomly chosen, independently experimented 100 movies of grouped flies as a vali-
dation dataset and tracked flies by tracktor with or without our correction script and counted frames with mis-
matches in flies’ identity compared to the results of FlyTracker. This calculation was performed by comparing the 
coordinates of individuals tracked by each software, assuming that the closest individuals were the same entity. 
Mismatches were considered to have occurred when this correspondence changed over time. To further check the 
behavior-level consistency across software, we compared the above 4 types of time-averaged behavioral indices 
(i.e., moving speed, NND, time spent in the arena center, and freezing duration).

We also examined the correlation of locomotor activity, a fundamental behavioral metric, measured in the 
present study with publicly available activity metrics derived from previous studies. We analyzed five datasets 
as follows: (1) Total activity during time spent awake for 7 days10, referred to as “Harbison et al. 2013, waking 
activity.” (2) Total activity of untreated flies for 2 days11, referred to as “Zhou et al. 2016, locomotor activity.” (3) 
Total distance traveled by control flies over 10 minutes12, referred to as “Rohde et al. 2019, locomotor activity.” 
(4) Basal activity of untreated flies over one hour13, referred to as “Watanabe et al. 2020, basal activity.” (5) 
Climbing activity of untreated flies14, referred to as “Watanabe & Riddle 2021, climbing activity.” Datasets 1–3 
and 5 were obtained from DGRPool15. We used behavioral data from single-conditioned flies in the present 
study and examined correlations among studies separately for each sex.

Data Records
The data records referenced in this study are stored and accessible on Dryad with DOI: 10.5061/dryad.
ttdz08m6016. The dataset comprises raw videos and tracking data, organized into subdirectories compressed for 
each strain, named as “Experiment_Type_Strain.tar.gz”. “Experiment” refers to the experimental design, labeled 
as either single-strain (“1_monostrain”) or mixed-strain (“2_mixedstrain”), and “Type” indicates whether the 
files is a recorded video (“video”) or a tracking dataset (“track”). Each behavioral video, formatted in mp4 and 
sized at 160 × 160 pixels, corresponds to a specific arena. The tracking data are available in two formats: the raw 
output from the Tracktor software8 and the corrected outputs via our custom script, stored as csv and tsv files, 
respectively. The “Strain” refers to the experimented strain in single-strain setups and the combination used in 
mixed-strain experiments. A detailed description of the fields included in the tracking data is provided within 
the repository. We additionally provide supplementary files associated with the present article in the repository, 
including supplementary tables regarding the strain information and per-strain behavioral metrics, the STL file 
of the experimental arena, and example videos of recorded flies.
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Technical Validation
The technical validation of our dataset involved a rigorous initial screening to eliminate dead or injured indi-
viduals that could compromise data quality. Further, we manually double-checked recorded videos to mini-
mize errors in behavioral tracking. For quantitative validation, we compared the tracking data obtained with 
FlyTracker9, a highly accurate software used for Drosophila behavior. Parallel tracking was performed on ran-
domly selected grouped fly videos using both FlyTracker and Tracktor. We then assessed mismatches in fly 
identities per frame between the systems. Incorporating our custom correction script markedly enhanced the 
accuracy compared to raw Tracktor data (P = 1.1 × 10–8, Wilcoxon’s signed rank test; Fig. 2a). Behavioral met-
rics such as average moving speed, nearest neighbor distance (NND), time spent in the center of the arena, and 
freezing duration were also compared across software. The results demonstrated a strong correlation for moving 
speed, time spent in the center, NND (P < 0.001, R2 = 0.94, 1.00, 0.99, respectively; Fig. 2b). Although the corre-
lation for freezing duration was lower, it remained adequately high (P < 0.001, R2 = 0.66). Despite FlyTracker’s 
high accuracy, its long processing times and occasional tracking failures led us to favor Tracktor. The precision 
achieved with Tracktor, augmented by our script, satisfactorily met our study’s objectives.

We next investigated the correlation between locomotor activity for DGRP strains, measured as moving 
speed in the present study, and publicly available activity metrics obtained from previous studies10–14. While 
the significant correlations were mostly observed in females (Fig. 3a), our metric showed a relatively high level 
of correlation with all previous studies (Fig. 3b,c), indicating that our dataset sufficiently captures behavioral 
patterns of DGRP lines. The stronger correlation in females is consistent with previous studies (Fig. 3b,c), sug-
gesting that locomotor activity tends to be more stable and less variable in females compared to males. Males, 
in contrast, may exhibit context-dependent behaviors such as territoriality or courtship-like behaviors, which 
could introduce additional variability in behavior across different studies. These findings suggest that, depend-
ing on the type of behavior being investigated, females may provide a more suitable model for certain behavioral 
analyses, particularly those requiring stable and reproducible locomotor measures.

Usage Notes
The behavioral dataset provided in this study serves as a robust foundation for behavioral genetics research, 
including GWAS that aim to elucidate the genetic mechanisms underpinning a wide range of behaviors in 
Drosophila. The summarized behavioral indices for 104 DGRP strains are immediately applicable to the GWAS 
pipeline available on the DGRP2 website (http://dgrp2.gnets.ncsu.edu) or others. Utilizing the trajectory dataset, 
more complex metrics such as visual reactivity towards conspecifics and its potential genomic substrates can be 
estimated17. In addition to the conventional GWAS approach that uses strain-level metrics, our mixed-strain 
strategy enables what we call a genome-wide higher-level association study (GHAS). This approach seeks to 
identify associations between higher-level traits—for instance, the effect of genetic diversity on a group-level 
phenotype—and genetic metrics (e.g., nucleotide diversity π calculated among group members within a par-
ticular genomic window), ultimately pinpointing the loci potentially responsible for the observed group-level 
diversity effect (DE) (Fig. 1b). As an unprecedentedly large-scale behavioral dataset, it is ideally positioned 
for exploring a broad spectrum of behavioral phenomena and serves as a valuable resource for testing new 
toolkits developed for future research (Fig. 1b). In particular, this dataset facilitates innovative insights into 

Fig. 2  Validation of trajectory data in comparison to that of FlyTracker. (a) The tracking data of randomly 
selected 100 videos compared between tracking systems, the number of mismatches in fly identity per frame 
was significantly lowered by our custom script. Statistical significance was evaluated by Wilcoxon’s signed rank 
test (n = 100 for each). (b) Correlation in behavioral indices between the tracking data from two software.
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animal behavioral dynamics by enabling comparisons between solitary and group conditions, as well as between 
sexes. Additionally, the assumption that individuals within a strain share identical genomic sequences provides a 
unique opportunity to examine behavioral variability arising from the same genetic background. This versatility 
allows researchers to tailor the dataset’s use to their specific study objectives, making it a significant asset to the 
scientific community.

Code availability
The codes used in this study are available at https://github.com/daikisato12/Sato2025_Fruitfly_trajectory_data.
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