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Figure 1. A conceptual and experimental setup for studying complex behavior in groups of Drosophila. A. Illustration of social conditioning, data capture and analysis. Naïve male flies were housed in groups of 10 flies or in isolation for 3 days, and their social interaction in groups was recorded for 15 minutes (30fps) in Fly Bowl arenas. Tracking was performed using CTRAX. Error correction of CTRAX output data was performed using FixTRAX, generating an output file of position, angle and size per-fly per-frame. The fixed output file is used to calculate kinetic features, to classify specific behaviors using JAABA and to analyze social network structure using the igraph package on R. Group signature is achieved by normalizing all features, represented as a series of Z scores per condition (far right upper graph). Hierarchical clustering of conditions (y axis) and features (z axis) was performed using Partek and presented as heatmaps (far right lower graph). B. Illustration of the criterions used to define interaction, including the distance between flies (<8mm) and angle subtended; (α or β) >0. C, D: Total number of encounters as a function of encounter duration in representative movie of (C) socially experienced WT flies, and (D) when adding a 60-frames gap requirement between interactions. Black line represents the threshold (60 frames) under which encounters are not considered interactions for network analysis. E. Directed interactions between each pair of flies from (C, D) reveal a high correlation. F: Illustration of network parameters; Strength is proportional to vertex size. Betweenness centrality is represented by vertex color (high for red and low for blue). Density of subnetworks is represented by color; green for high and yellow for low). Modularity; low in green and yellow subnetworks   and high in purple (whole) network. 


[image: ]
Figure 2: Prior social interaction in a group facilitates the formation of ordered social structures. A. Average velocity per frame of previously isolated (green) vs. socially experienced (orange) WT male flies along 15 minutes. B. Average percentage of time that flies perform walk behavior. C. Average percentage of time that flies perform turns. C. Average percentage of time that flies perform social approach. D. Average percentage of time that flies perform chase. Average percentage of time that flies exhibit social clustering. E. Average percentage of time that flies perform grooming. I-N: Network density, modularity and SD strength calculated by network weights according to duration (I-K respectively) or number of interactions (L-N respectively) between previously isolated (green) and socially experienced (yellow) WT male flies. N=18, Wilcoxon test, * P<0.05, ** P<0.01, *** P<0.001. Error bars signify SEM.
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Figure 3. Social experience facilitates distinct group signature and increases behavioral variability. Behavioral signatures of previously isolated vs. socially experienced WT male flies (A) and familiar vs. unfamiliar experienced WT flies (B), represented as normalized Z scores of 60 different behavioral features, divided into four general categories; activity, interaction, coordination and social clustering related features. N=18 B: Behavioral signatures of socially experienced WT male flies that were tested with familiar or unfamiliar flies. t-test for normally distributed parameter or Wilcoxon test for non-normally distributed parameters. P-values were corrected using FDR. N=25, * P<0.05, ** P<0.01, *** P<0.001. C. Graphical illustration of measuring variance within group, between groups and across individuals. Number of behavioral features that are significantly more variable and more than 2 fold higher in isolated vs experienced (D) and familiar vs unfamiliar (E) WT male flies, according to SD of the entire population (all flies) (F test), SD of repetitions of each condition (between groups) (F test) and average SD within each repetition per condition (inside groups) (t-test). P-values were corrected using FDR. *P<0.05, **P<0.01, ***P<0.001. Error bars signify SEM.

[image: ]Figure 4: Visual cues are necessary for expressing the behavioral signature of socially experienced flies. Behavioral group signatures (represented as normalized z scores) of socially experienced (A) or previously isolated (B) WT male flies tested in normal lighting conditions (light) vs light deprivation (dark), N=18 and 10, respectively. t-test for normally distributed parameter or Wilcoxon test for non-normally distributed parameters. *P<0.05, **P<0.01, ***P<0.001. Error bars signify SEM. C. Number of significantly higher behavioral features in each condition divided into 4 categories; activity, interaction, coordination and social clustering related features. D. Hierarchical clustering of group signatures under the following experimental conditions: socially experienced, unfamiliar socially experienced, socially experienced dark, socially isolated and socially isolated dark. Hierarchical clustering performed using Partek. 

[image: ]Figure 5. cVA perception via Or65a neurons shapes social group interaction. Behavioral group signature (as normalized z scores) of (A) socially experienced Or67d-Gal4/+; UAS-Kir2.1/+ flies compared to genetic controls, N= 7. (B) socially experienced Or65a-Gal4/+; UAS-Kir2.1/+ flies compared to genetic controls, N=13. (C) socially isolated Or65a-Gal4/+; UAS-Kir2.1/+ flies compared to genetic controls, N=8. One-way anova with Bonferroni post hoc test for normally distributed or Kruskal Wallis for non-normally distributed features. *P<0.05, **P<0.01, ***P<0.001. Error bars signify SEM. D. Hierarchical clustering of behavioral group signatures of all experimental conditions shown in A-C using Partek. 

[image: ]Figure 6. Sub populations aggressive flies in a group affect different features of group behavior. A. Hierarchical clustering of behavioral signatures of groups composed of different ratios of socially isolated Cyp6a20-Gal4/+; UAS-Cyp6a20-RNAi/+ to socially experienced WT flies (0-50%). Data of each experimental group was normalized to  WT controls group which were tested at the same time. To compare log-ratios of means (test/control), all values were log2-transformed and statistically tested as mean log-values. Hierarchical clustering of conditions and behavioral features was performed using Partek. The effect of treatment and mutant number on the fraction of each parameter was tested with a linear regression and a 2-way ANOVA was performed on the resulting model. Log-ratios between different number of mutants were compared in terms of difference of differences defined with by linear contrasts, FDR correction was applied to all comparisons. * P<0.05, ** P<0.01, *** P<0.001 N=14, 8, and 6 for groups of 10%, 20-30% and 40-50%, respectively. B. Number of significantly different behavioral features compared to controls as a function of the ratio of Cyp6a20-Gal4/+; UAS-Cyp6a20-RNAi/+ in a group (10-50%). C. Per-fly distribution of three behavioral features (social approach, walk, grooming) in groups containing different ratios (0-50%) of isolated Cyp6a20-Gal4/+; UAS-Cyp6a20-RNAi/+ to socially experienced WT male flies. Each column represents individuals in one movie. SD analysis of the distribution of flies inside each group is not different between conditions, F test, n.s.
[image: ]Table S1: definitions of behavioral features used in this work. Kinetic (red) features were obtained from Kabra et al. Classified behavioral features (blue) were generated using JAABA. Network (green) features were calculated in R using igraph. 
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Figure S1. FixTRAX and analysis pipeline algorithms representation. A. Schematic illustration of the Score Base fix algorithm. B. Schematic illustration of the Minor Changes fix algorithm. C.  Schematic illustration of FixTRAX framework. D. Schematic illustration of a changes graph. Each blue line represents the number of flies that was added in a specific frame and each red line represent the number of flies that was deleted in a specific frame. E.  Schematic illustration of the analysis pipeline.

Individual features:
a.  Strength: represents the total duration of all interactions each fly participated in (Fig. 1F; size of each vertex represents its strength). 
b. Betweenness Centrality: a measure of the proportion of shortest paths between any two individuals that pass the focal fly, reflecting the importance of that individual to the network structure (Fig. 1F. High for red vertices and low for blue vertices). 
Group features: 
a. Density: reflecting network saturation (Fig. 1F, green sub-network has high density whereas yellow sub-network has low Density). 
b. Modularity: reflecting the propensity of the network to be divided into clear modules, or sub-groups (in Fig. 1F the network has two distinct modules (green and yellow)). 
c. Standard deviation of Strength and Betweenness Centrality for each network (SD strength and SD betweenness Centrality respectively). 

Box.1 Explanation of social network features.



[image: ]Figure S2. Defining interaction duration and gap thresholds affects the number of very short interactions. Number of encounters that met the minimal distance and angle requirements for interaction as a function of encounter duration in five movies, with different combinations of duration and gap parameters (20-60 frames/0.4-2 sec and 40-120 frames/1.2-4 sec respectively). Each row represents a combination of duration and gap values. Each column represents one movie. Black lines represent the minimal threshold for an interaction according to the specific duration parameter. 
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Figure S3. Prior social experience affects bout-length and frequency of specific behaviors and changes network structure. A-H: Average bout-length (A-D) and frequency (E-H) of specific behaviors (Approach, Chase, Social clustering and Grooming, respectively) of socially experienced (orange) vs. isolated (green) WT male flies. I-L: Per-fly network features​ (Strength and Betweenness Centrality) in which network weights were calculated according to duration of interactions (I-J) or number of interactions (K-L) between socially experienced (orange) vs isolated (green) WT male flies. t-test for normally distributed features or Wilcoxon test for non-normally distributed features. N=18, * P<0.05, ** P<0.01, *** P<0.001. Error bars signify SEM. M: Picture of a social clustering event, performed by socially experienced WT male flies within a FlyBowl arena.
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Figure S4. Different internal motivational states in socially experienced flies do not have a significant effect on behavioral group signatures. Socially experienced flies which were starved for 24 hours prior to behavioral test (fed/starved), exposed to ethanol for 3 days prior to behavioral test (food with ethanol/regular food) or tested at different times during the day (early/mixed/late) do not display any differences in behavior, compared with controls. Hierarchical clustering of conditions reveals a similarity between each experimental group and its control group (left, hierarchy tree). t-test for normally distributed parameter or Wilcoxon test for non-normally distributed parameters in starvation and ethanol experiments. One-way anova with Bonferroni post hoc test for normally distributed parameters or Kruskal Wallis for non-normally distributed parameters in different time experiment. N=13, 14 and 6 for ethanol, starvation and time difference tests respectively, n.s. Hierarchical clustering of conditions was performed with Partek.


[image: ]
Figure S5. Visual cues are required for a behavioral adaptation over time within FlyBowl arenas. A-F: Average per-frame of velocity (velmag), walk, turn, chase, social clustering (aggregation) and grooming of socially experienced WT male flies tested in normal lighting (experienced light - orange) or in the dark (experienced dark - brown). G-L: Average per-frame of velocity (velmag), walk, turn, chase, social clustering (aggregation) and grooming of socially isolated WT male flies tested in normal lighting (Experienced light - orange) or in the dark (Experienced dark - brown). Statistical analysis was performed on the average of each behavior for the entire duration of the test (15 min). t-test for normally distributed features or Wilcoxon test for non-normally distributed features. N=18 for experienced and N=11 for isolated experiments, ** P<0.01, *** P<0.001. Error bars signify SEM.
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[bookmark: _GoBack]Figure S6. Socially experienced and isolated Or65a-Gal4/+; UAS-Kir2.1/+ male flies display similarities in group behavior compared to isolated genetic controls. A-C: Per-frame averages of three kinetic features (A: absthetadiff_nose2ell, B: absphidiff_nose2ell, C: absphidiff_anglesub) in socially experienced (orange) and isolated (blue) Or65a-Gal4/+; UAS-Kir2.1/+ flies compared to socially isolated genetic controls (black and gray). D-H: Average percentage of time socially experienced (orange) and isolated (blue)Or65a-Gal4/+; UAS-Kir2.1/+ male flies performed chain, chase, chase bout length, touch and approach behaviors compared with socially isolated genetic controls (black and gray). I: Per-fly network strength of socially experienced (orange) and isolated (blue) Or65a-Gal4/+; UAS-Kir2.1/+ male flies compared to socially isolated genetic controls (black and gray). One-way anova with Bonferroni post hoc test for normally distributed parameters or Kruskal Wallis for non-normally distributed parameters. N=6, * P<0.05, ** P<0.01, *** P<0.001. Error bars signify SEM.


[image: ]Figure S7. Sub populations in a group affect specific features within behavioral group signatures. A-H: log2 transformed averages of gradually decreasing behavioral features (A: Social clustering, B: Grooming, C: Stop, D: Stop bout length) and gradually increasing features (E: Walk, F: absdtheta, G: Turn, H: Turn bout length) in groups composed of 10%-50% isolated Cyp6a20-Gal-4/+; UAS-Cyp6a20-RNAi to experienced WT flies. To compare log-ratios of means (test/control), all values were log2-transformed and differences between mean log-values were tested. Specifically, the effect of treatment and mutant number on the fraction of each parameter was tested with a linear regression and a 2-way ANOVA was performed on the resulting model. Log-ratios between different number of mutants were compared in terms of difference of differences defined with by linear contrasts and FDR correction was applied to all comparisons. N=14, 8, and 6 for groups of 10%, 20-30% and 40-50%, respectively, * P<0.05, ** P<0.01, *** P<0.001. Error bars signify SEM.
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Definition Description



absanglefrom1to2
nose2ell



Absolute difference between 
direction to closest animal based on 
dnose2ell and current animal’s 
orientation (rad).



absdtheta Angular speed (rad/s).



absphidiff
anglesub



Absolute difference in velocity 
direction between current animal 
and closest animal based on 
anglesub (rad).



absphidiff
nose2ell



Absolute difference in velocity 
direction between current animal 
and closest animal based on 
dnose2ell (rad).



absthetadiff
anglesub



Absolute difference in orientation 
between current animal and closest 
animal based on anglesub (rad).



absthetadiff
nose2ell



Absolute difference in orientation 
between this animal and closest 
animal based on dnose2ell (rad).



anglefrom1to2 
anglesub



Angle to closest (based on angle 
subtended) animal’s centroid in 
current animal’s coordinate system 
(rad).



anglefrom1to2 
nose2ell



Angle to closest (based on distance 
from nose to ellipse) animal’s 
centroid in current animal’s 
coordinate system (rad).



angleonclosestfly



Angle of the current animal’s 
centroid in the closest (based on 
distance from nose to ellipse) 
animal’s coordinate system (rad).



anglesub
Maximum total angle of animal’s 
field of view (fov) occluded by 
another animal (rad).



danglesub
Change in maximum total angle of 
animal’s view occluded by another 
animal (rad/s).



dcenter
Minimum distance from this animal’s 
center to other animal’s center 
(mm).



ddcenter
Change in minimum distance 
between this animal’s center and 
other flies’ centers (mm/s).



dist2wall Distance to the arena wall from the 
animal’s center (mm).



dphi Change in the velocity direction 
(rad/s).



dtheta Angular velocity (rad/s).



nflies_close Number of flies within 2 body 
lengths (4a).



velmag Speed of the center of rotation 
(mm/s).



Definition Description
Walk Fly moves.
Stop Fly is still.
Turn Changes in fly’s direction.
Touch Fly actively touches another fly.



Approach Fly approaches another fly and perform 
interaction (active or passive).



Aggregation Fly sits in a group of 3 or more flies.
Grooming Fly grooms.
Chase Fly chases another fly.
Chain Chase with 3 or more flies.
Song Fly moves one wing next to another fly.



Behavior bout length
Length of the longest sequence of frame 
in which the behavior occurred for each 
fly.



Behavior frequency
Length of the movie minus the length of 
the longest sequence of frames in which 
the behavior didn’t occurred for each fly.



Density interactions’ 
length



Accumulated interactions’ length relative 
to the maximum interactions’ length 
possible.



Modularity 
interactions’ length



Representation of how much the network 
is divided into modules according to 
interactions’ length.



Strength 
interactions’ length Length of interactions of a certain fly.



SD Strength 
interactions’ length



Standard divination of the strengths 
according to interactions’ length of flies 
from the same movie.



Betweenness
Centrality 
interactions’ length



A measure of centrality of a certain fly 
based on shortest paths according to 
interactions’ length.



SD Betweenness
Centrality 
interactions’ length



Standard divination of the betweenness
centralities according to interactions’ 
length of flies from the same movie.



Density interactions’ 
number



Interactions’ number relative to the 
maximum interactions’ number possible.



Modularity 
interactions’ number



Representation of how much the network 
is divided into modules according to 
interactions’ number.



Strength 
interactions’ number Number of interactions of a certain fly.



SD Strength 
interactions’ number



Standard divination of the strengths 
according to interactions’ number of flies 
from the same movie.



Betweenness
Centrality 
interactions’ number



A measure of centrality of a certain fly 
based on shortest paths according to 
interactions’ number.



SD Betweenness
Centrality 
interactions’ number



Standard divination of the betweenness
centralities according to interactions’ 
number of flies from the same movie.










Definition Description

absanglefrom1to2

nose2ell

Absolute difference between 

direction to closest animal based on 

dnose2ell and current animal’s 

orientation (rad).

absdtheta Angular speed (rad/s).

absphidiff

anglesub

Absolute difference in velocity 

direction between current animal 

and closest animal based on 

anglesub(rad).

absphidiff

nose2ell

Absolute difference in velocity 

direction between current animal 

and closest animal based on 

dnose2ell (rad).

absthetadiff

anglesub

Absolute difference in orientation 

between current animal and closest 

animal based on anglesub(rad).

absthetadiff

nose2ell

Absolute difference in orientation 

between this animal and closest 

animal based on dnose2ell (rad).

anglefrom1to2 

anglesub

Angle to closest (based on angle 

subtended) animal’s centroid in 

current animal’s coordinate system 

(rad).

anglefrom1to2 

nose2ell

Angle to closest (based on distance 

from nose to ellipse) animal’s 

centroid in current animal’s 

coordinate system (rad).

angleonclosestfly

Angle of the current animal’s 

centroid in the closest (based on 

distance from nose to ellipse) 

animal’s coordinate system (rad).

anglesub

Maximum total angle of animal’s 

field of view (fov) occluded by 

another animal (rad).

danglesub

Change in maximum total angle of 

animal’s view occluded by another 

animal (rad/s).

dcenter

Minimum distance from this animal’s 

center to other animal’s center 

(mm).

ddcenter

Change in minimum distance 

between this animal’s center and 

other flies’ centers (mm/s).

dist2wall

Distance to the arena wall from the 

animal’s center (mm).

dphi

Change in the velocity direction 

(rad/s).

dtheta Angular velocity (rad/s).

nflies_close

Number of flies within 2 body 

lengths (4a).

velmag

Speed of the center of rotation 

(mm/s).

Definition Description

Walk Fly moves.

Stop Flyis still.

Turn Changes in fly’s direction.

Touch Fly actively touches another fly.

Approach

Fly approaches another fly and perform 

interaction (active or passive).

Aggregation Fly sits in a group of 3 or more flies.

Grooming Fly grooms.

Chase Fly chasesanother fly.

Chain Chase with 3 or more flies.

Song Fly moves onewing next to another fly.

Behavior bout length

Lengthof the longest sequence of frame 

in which the behavior occurred for each 

fly.

Behavior frequency

Lengthof the movie minus the lengthof 

the longest sequence of frames in which 

the behavior didn’t occurred for each fly.

Density interactions’ 

length

Accumulated interactions’ length relative 

to the maximum interactions’ length 

possible.

Modularity 

interactions’ length

Representation of how much the network 

is divided into modulesaccording to 

interactions’ length.

Strength 

interactions’ length

Length of interactions of a certain fly.

SD Strength 

interactions’ length

Standard divination of the strengths 

according to interactions’ length of flies 

from the same movie.

Betweenness

Centrality 

interactions’ length

A measure of centrality of a certain fly 

based on shortest paths according to 

interactions’ length.

SD Betweenness

Centrality 

interactions’ length

Standard divination of the betweenness

centralities according to interactions’ 

length of flies from the same movie.

Density interactions’ 

number

Interactions’ number relative to the 

maximuminteractions’ numberpossible.

Modularity 

interactions’ number

Representation of how much the network 

is divided into modulesaccording to 

interactions’ number.

Strength 

interactions’ number

Number of interactions of a certain fly.

SD Strength 

interactions’ number

Standard divination of the strengths 

according to interactions’ number of flies 

from the same movie.

Betweenness

Centrality 

interactions’ number

A measure of centrality of a certain fly 

based on shortest paths according to 

interactions’ number.

SD Betweenness

Centrality 

interactions’ number

Standard divination of the betweenness

centralities according to interactions’ 

number of flies from the same movie.
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Supp. Figure 4
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