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Automated identification of social
interaction criteria in Drosophila
melanogaster

J. Schneider and J. D. Levine

Department of Biology, University of Toronto at Mississauga, 3359 Mississauga Road, Mississauga, Ontario,
(Canada L5L 1C6

The study of social behaviour within groups has relied on fixed definitions of an
‘interaction’. Criteria used in these definitions often involve a subjectively
defined cut-off value for proximity, orientation and time (e.g. courtship, aggres-
sion and social interaction networks) and the same numerical values for these
criteria are applied to all of the treatment groups within an experiment. One uni-
versal definition of an interaction could misidentify interactions within groups
that differ in life histories, study treatments and/or genetic mutations. Here, we
present an automated method for determining the values of interaction criteria
using a pre-defined rule set rather than pre-defined values. We use this
approach and show changing social behaviours in different manipulations of
Drosophila melanogaster. We also show that chemosensory cues are an important
modality of social spacing and interaction. This method will allow a more robust
analysis of the properties of interacting groups, while helping us understand
how specific groups regulate their social interaction space.

1. Introduction

The study of social relationships within groups relies on the ability to accurately
and reliably detect interactions between individuals [1]. Investigators often
rely on subjective criteria, such as ‘time to encounter’ (aggression) and ‘orient
towards’ (courtship), which may vary between observers and laboratories.
Identification of these behaviours is labour intensive, and exacerbated by the
need for repetition to enhance inter-observer reliability. Automated machine
vision methods have been introduced to streamline and improve the detection
of behaviour [2,3]. Although powerful, these programmes exclude potentially
relevant features of behaviour that are not captured by pre-defined criteria,
and comparisons between treatments/genotypes either constrain the behaviour
to a standard definition [2] or require independent characterization of each
group [3]. Yet differences in natural history, habitat and/or genotype suggest
that features of social interactions may differ between strains, even within a
single species. To address this possibility, we are introducing a method for eval-
uating social interactions within a specific group using a pre-defined rule set
instead of pre-defined values, demonstrating its usefulness for studying the
interactive behaviours in Drosophila melanogaster.

Within a group, Drosophila regulate their social spacing [4] and modulate
their physiology and behaviour in a context-dependent manner [5]. These
social behaviours (such as aggression and mating) are defined by fly—fly orien-
tations, spacing and distance, as well as characteristic physical interactions, all
of which are unlikely to occur at random. Previously, we observed unrestrained
groups of 12 flies in an arena and attempted to quantify group-level character-
istics of fly—fly dyadic interactions [6]. Our interaction definition was (i) one
fly’s orientation towards another fly’s centre of mass being less than 90°,
(ii) the distance between the two centres of mass being less than two body
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lengths of the instigator and (iii) these being satisfied for
more than 1.5s. In order to increase the accuracy of
interaction detection, a more exact method is required.
Additionally, an automated method would allow treat-
ment-dependent interaction definitions. By using the same
‘wild-type’ interaction values on all groups regardless of
species, sex or genotype, studies may have misattributed dis-
rupted social interactions (the way they are behaving) to
disrupted higher-order properties of groups (organization of
interactions [6]). It is important, however, to identify and
quantify different ways of interacting to recognize differences
between groups that may or may not interact similarly. Our
method accomplishes this by generating interaction values in
an automated, treatment-unique manner. It takes the social
spacing of Drosophila into account and determines which dis-
tance and angle configurations are over-represented for each
group. We quantify the interactions of males and females of
two wild-type strains (Canton-S and Oregon-R). We also inves-
tigate the effect of vision (Canton-S in the dark), acoustic cues
(invh), olfactory cues (Orco®) and gustatory cues (poanXBS6) on
the spatial and temporal aspects of interaction in Drosophila.

2. Acquisition

Data are from Schneider et al. [6]. Trials included 12 flies
recorded at 22.8 frames/second for 30 min and tracked [7].
Flies were collected under light anaesthesia (CO,) and
grouped by genotype and sex into vials at eclosion. Vials
contained 12-16 flies, which were kept in 12 L:12 D cycles
for 3 days at 25°C prior to testing. Flies acclimated for
10 min before the start of acquisition. Lights were turned
off 10 min prior to acquisition for the treatment Canton-S in
the dark, avoiding a startle response.

3. Automated generation of interaction space
in a treatment-independent manner

To determine what is actively regulated by social feedback, we
created non-social or null” datasets. Each ‘null’ trial was created
by randomly sampling a single fly’s entire trajectory from
12 separate trials (within a treatment). These trajectories were
normalized in space and combined (electronic supplementary
material, figure S1). Each ‘null” trial consisted of the same
number of trajectories, each of which represented a fly that
was behaving as if it were in an arena with other flies; however,
their position in relation to others no longer relied on social cues.
For each estimate, our method contained three main steps:

(1) Evaluating social distance. We recorded the frequencies
(‘real’) of inter-fly distances per treatment group in our
arena in a two-dimensional histogram with distance
and angle bins. Bin size was selected as an optimum
between accuracy and number of connected compo-
nents (see the electronic supplementary material). We
subtracted the ‘null’ inter-fly distances from the ‘real’
inter-fly distances and defined social distance as the
over-representations of inter-fly distances in the ‘real’
data (the distance at which frequencies switch from
positive to negative; figure 1a).

(2) Identifying spatial configurations of an interaction. Once
a treatment’s social distance was established, we analysed
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Figure 1. Establishing Canton-S males’ interaction space based on repeated
spatial —temporal behaviour. This figure presents an illustration of the method
using the entire dataset of Canton-S males (n = 43). (a) The social distance
is identified per group based on the large over-representation of close fly—fly
distances in ‘real’ compared to ‘null’ data (see the electronic supplementary
material, figure S1). The red dotted line indicates the social distance cut-off
(see electronic supplementary material). (b—c) The angle and distance between
each fly and all other flies” centre of mass is established for (b) all trials and (c)
500 ‘null’ trials (see electronic supplementary material). Numbers around heat-
maps indicate angle. (d) The normalized frequency from the ‘null” dataset is
subtracted from the normalized frequency of the ‘real dataset, which reveals
spatial positions seen more often in our assay than one would expect from
non-social organisms. The angle and distance that captures the majority of
this over-representation is established and plotted in red (see the electronic sup-
plementary material). (e) Using the angle and distance criteria from (), we count
the number of interactions that last at least a specified time duration. The normal-
ized histogram of ‘null’ data subtracted from the histogram of ‘real’ data is
plotted, and the first positive time bin (red dotted line) indicates the time dur-
ation for which the putative interactions occur more often in the ‘real’ data.

ot 1 1105 wndooiores [



@ 1o , ®)
s o, time O Canton-S &
.§ 0.8l : ‘;; 0.15 . »  @Canton-S Q
S, § o @ Oregon-R &
X 06t ooy g 0.10 ° @ Oregon-R
:. ° Q?OO: g
8 04} “$s, g 005
= 3% S
15) 3 distance =
g 02 s 0

o
=) 2,
g £
s 0 g -0.05
E
2 02 : -0.10
g social space ’
= -04 - : : : - . .
-04 -0.2 0 0.2 0.4 -0.2 0 0.2 0.4
spatial component (55.7% variance) spatial component
(© (d)
0151 o 0.25 ° O Canton-S &
‘ °® 020 Q iav!/Canton-S
= o0l O Canton-S & - @ iav!/iav!
g o, ®Canton-S (dark) § 0.15
o} 08 Co o
g 005} ¢ g 0.10
: : o0
= ol = 0.05
2 i 2
5 005} ° 5 °
-0.05 °
-0.10 ~0.10
-0.2 0 0.2 04 -0.2 0 0.2 0.4
spatial component spatial component
(e (€))
. . 0.30 o
10 o6 . O Canton-S & 0 poxnAM22-B5gynerA-158
08} . o¥ @ Orco*/Canton-S 0.25 @ poxn?XBs6
§ ’ R i . @ Orco’/Orco® § 0.20 .
=} L 2 ° ° o
2 06 g 0.15 oy
8 | 8 © O %
TS 0.4 T‘g 0.10 ° %.:b@&%%b °
: 2
g 02} £ 0.05
2] 8
oo 0
0 o,
-0.05
-0.2 . . . . . . . . .
-0.2 0 0.2 0.4 -03 -0.2 -0.1 0 0.1

spatial component spatial component

Figure 2. PCA of the interaction criteria. Our bootstrapped estimates were used to perform a PCA to determine whether these treatments generated interaction
values that grouped in a multivariate sense. (a) Score for all treatments and coefficients of the variables. (b—f) Highlight specific comparisons within (a).
(b) Overlap of strains and sexes. (c) Clustering of Canton-S and Canton-S in the dark. (d) Separation of scores for Canton-S, iav'/Canton-S, and iav’. (e) Separation
of Canton-S, Orco’/Canton-S and Orco’. (f) Overlap between poxn“¥?>*SuperA-158 and poxn“*** (when the latter generates valid criteria).

fly—fly configurations within that social distance to deter-
mine values (angle and distance) used to define an
interaction space. We recorded the angular and spatial infor-
mation of each fly’s potential interacting partners. By
recording the location of all other flies” centres of mass in
relation to each fly, we ended up with a ‘real” heatmap of
positional information (figure 1b). To control for frequencies
that may have been the result of a non-social constraint of
flies randomly moving in our arena, we repeated this pro-
cess using our ‘null’ dataset (figure 1c). By subtracting the
normalized ‘null” distribution from the normalized ‘real’

distribution, we generated the positions/orientations for
the treatment that each member was actively regulating
with respect to other flies (figure 1d ). We retained the largest
over-represented configurations by eliminating values
lower than the third quartile and identified the largest
connected component (separated by at most two bins) to
get an initial estimate of the enclosed space (red outline
in figure 1d). We then increased the angle and or distance
bins until the mean value in the enclosed region of
the heat map began to decrease (see the electronic
supplementary material).
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(8) Determining a time threshold to eliminate potentially
spurious interactions. We recorded the duration of all
putative interactions in both ‘real’ and ‘null’ datasets.
A fly was putatively interacting if another fly was posi-
tioned within the enclosed space determined above (red
outline in figure 1d). Subtracting the mull’” durations
from the ‘real” durations creates the cumulative frequency
of interaction durations that are over- and under- rep-
resented. The ‘cut-off’ time value is the time at which
the frequency of ‘real” putative interactions of that dur-
ation and longer is more than the ‘null’ frequency
(figure 1e).

When normalized ‘real’-null” frequencies do not generate posi-
tive values it is classified as a ‘failed estimate’, which reveals a
tendency to interact randomly. We established 95% confidence
intervals (CIs) of social distance and interaction distance/
angle/time by bootstrapping (15 trials chosen 500 times, each
time creating a new ‘null’” dataset of the 15 trials). These boot-
strapped estimates were also used in the principal component
analysis (PCA; figure 2). We note that the estimates are depen-
dent on the sample size, and expand as sample size increases
(electronic supplementary material, figure S2). While the theor-
etical minimal sample size is 12 (to create ‘null’ datasets
without overlap), the minimal effective sample size appears to
be 15 (electronic supplementary material, figure S2). We also
observe that several trials may bias the overall estimate (see
Canton-S (in the dark) electronic supplementary material,
figure S7, which generates a social space at the high end of the
CI; table 1), and recommend the bootstrap approach to obtain
a median (with at least 250 estimates; electronic supplementary
material, figure S3).

4, Results and discussion

Each genotype generates a unique social interaction space in
our arena, and our method is much more effective than pre-
vious approaches at detecting interactions (table 1). The
generated interaction definitions agree subjectively with
visual inspection when an interaction occurs (electronic
supplementary material, movie S1) and fails to occur (elec-
tronic supplementary material, movie S2). The regulation of
distance/angle when flies avoid interactions (electronic sup-
plementary material, movie S2) suggests an active choice to
either interact or abstain from interacting.

Group-based differences in patterns of behavioural inter-
action can be compared in two ways: treating each variable by
itself (table 1), or accounting for potential multivariate aspects
(PCA; figure 2). We see no distinct clustering along the PCA
axes and the ClIs of all variables overlap among strain and sex
(figure 2b and table 1), and visual cues (figure 2c and table 1).
Auditory treatments show clustering within the PCA separate
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interaction as a set of pre-defined values is done extensively,
both implicitly and explicitly [1]. But this ignores the difference
between the regulation and expression of an interaction. Our
method quantifies the treatment-specific interaction space in
systems with continuous tracking. This improvement helps
overcome current limitations in evaluating similarities and
differences in interactions across treatments, strains and even
species. With this, we can start investigating the social regu-
lation across phylogenies, and ultimately begin identifying
the conserved features of social groups.
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