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Flies display transient social interactions in groups. However,
whether fly—-fly interactions are stochastic or structured remains
unknown. We hypothesized that groups of flies exhibit patterns
of social dynamics that would manifest as nonrandom social in-
teraction networks. To test this, we applied a machine vision sys-
tem to track the position and orientation of flies in an arena and
designed a classifier to detect interactions between pairs of flies.
We show that the vinegar fly, Drosophila melanogaster, forms
nonrandom social interaction networks, distinct from virtual net-
work controls (constructed from the intersections of individual
locomotor trajectories). In addition, the formation of interaction
networks depends on chemosensory cues. Gustatory mutants
form networks that cannot be distinguished from their virtual
network controls. Olfactory mutants form networks that are
greatly disrupted compared with control flies. Different wild-type
strains form social interaction networks with quantitatively differ-
ent properties, suggesting that the genes that influence this net-
work phenotype vary across and within wild-type populations. We
have established a paradigm for studying social behaviors at
a group level in Drosophila and expect that a genetic dissection
of this phenomenon will identify conserved molecular mechanisms
of social organization in other species.
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lies engage in a variety of social behaviors that include

courtship, aggression, mating, and egg-laying (1-5). Recent
studies also indicate that individuals have the ability to recognize
others (6) and regulate their behavior according to group
membership (7). The composition of such Drosophila groups
forms a social environment that influences gene transcription,
pheromone displays, and mating frequency among group mem-
bers (7-9). However, the genetic and sensory determinants that
underlie these observations are unknown.

To explore the possibility that Drosophila form organized so-
cial interaction networks (SINs), we quantified interactions
formed by pairs of individuals within groups of 12 flies of the
same sex placed in a circular arena (10). Using video sequences,
three classes of behavior suggesting social interactions were
identified: frontal approach, rear approach, and social preening
(also known as “grooming,” in which a fly rubs its legs together,
or uses the leg(s) to rub its own wings, head, or abdomen). Social
preening has been previously associated with social interactions
in Drosophila (11, 12). These behaviors were verified in detail
using video sequences captured at high spatial and temporal
resolution (Movie S1). Inspection of video sequences indicated
that these classes of behaviors often involve physical contact
between the fore- and middle legs of the interacting flies, and
these were scored to evaluate their relative frequency of occur-
rence (Table S1). Drosophila legs harbor both touch- and taste-
sensitive sensillae (13), suggesting that flies might exchange so-
matosensory and gustatory information during these interactions.

We used a computer vision system (14) to track the motion of
the 12 flies in each arena, recording the position, orientation,
and identity of each fly throughout a 30-min trial. An automated
classifier was constructed that captured the interactions
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described above on the basis of the proximity of flies, their angular
orientation during the interaction, and the duration of the in-
teraction (details in Fig. 14). This classifier captured interactions
resulting from all three behaviors described above (Movies S2, S3,
and S4). Because these interactions are intrinsically asymmetric
(in that one fly actively approached another fly), we were also able
to define one fly as the “principal interactor” and the other fly as
the “interactee.”

To evaluate a SIN, we then established a timeline of directed
interactions and calculated iterative networks using a moving-
window boxcar filter (15) (i.e., the first network represented the
first 33 unique interactions [Fig. 1B and Movie S5], the second
network represented the 33 unique interactions starting from the
second interaction, and so on). Because no fly may interact with
itself in our scheme, 33 such interactions represent a network
density of 25% of the total number of interactions possible for 12
individuals. For each iteration, an interaction was considered
unique if the principal interactor had not previously interacted
with the other fly (Movie S5). This iterative process resulted in the
calculation of several successive directed networks formed by the
same wild-type flies over a 30-min trial. At first we selected a net-
work density value of 25% a priori for statistical analysis of SING,
but later evaluated networks over a range of densities (12.5%,
20%, 50%, and 75%, representing 17, 27, 66, or 99 directed in-
teractions, respectively) to assess the robustness of our results.

We compared SINs composed of only males and only females
from each of two wild-type Drosophila strains (16). Analysis of
the timeline of interactions revealed differences between strains
and sexes in the rate by which interactions form (Fig. 1D) and
a significant strain X sex interaction in the average duration of an
interaction (Fig. 1E). Each same-sex group formed at least one
SIN in >95% of the 30-min trials (Fig. S1). To test whether the
occurrence of these SINs happened by chance, we compared the
observed SINs with simulated random networks (Erd6s—Rényi)
(17). The observed SINs exhibited significantly different distri-
bution of incoming and outgoing interactions per individual [i.e.,
“degree distribution” (18); see legend of Fig. 1B] from the
Erdés-Rényi networks (Fig. 1G). As another control that cor-
rected for the influence of our arena geometry on the spatial and
temporal pattern of the flies’ locomotion, we randomly combined
individual movement trajectories from different replicates within
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Fig. 1. Wild-type strains of Drosophila form SINs via fly—fly interactions.
(A) Criteria for interaction between two flies are (/) the angle («) subtended
by the long axis of fly 1 (the interactor) and the line segment connecting fly
1's center of area to that of fly 2 (the interactee) is less than or equal to 90°,
(ii) the length of that line segment is less than or equal to two body lengths
of the initiator fly (x), and (iii) these two conditions are maintained for at
least 1.5 s. This classification scheme encodes the polarity of the interaction
and defines an edge in the network. (B) Example network formed by flies
(Movie S5). Each interaction that fulfills the criteria of A is represented by an
arrow between individuals. The number of interactions (incoming and out-
going) that a fly has participated in (a fly’s degree) is indicated (the variance
of the degrees in a network is used in G). (C-F) Effects of strain and sex on
behavioral parameters during network formation between Canton-S males
and females and Oregon-R males and females. (C) Mean locomotor rate
(total distance traveled divided by trial length) was unaffected by sex or
strain. (D) Canton-S and Oregon-R females formed interactions at a signifi-
cantly higher rate than males (P < 0.001), and Canton-S flies made inter-
actions more frequently than Oregon-R flies (P < 0.001). (E) Interaction
duration exhibited a strain x sex effect, with Canton-S females interacting
for longer durations than Canton-S males, whereas Oregon-R males and
females displayed similar interaction durations (P < 0.001). (F) Proportion of
interactions that were reciprocated by the receiver exhibited no strain, sex,
or interaction effect. (G) Degree distribution variance of the networks
formed by each strain/sex group was compared with both Erd6és—Rényi (E-R)
random networks as well as virtual network controls, which control for the
encounter rates expected from the basic locomotor behavior of flies within
our arena without social feedback (Fig. S2). Recombining Canton-S or Ore-
gon-R trajectories for virtual networks always resulted in the formation of at
least one network (at least 1,000 recombinations were done for each strain/
sex). All wild-type groups displayed a significantly higher degree distribution
variance than E-R networks (shaded line) and a significantly lower degree
distribution variance from virtual network controls (hatched lines). (H) Each
individual’s degree in the first network iteration plotted against that same
individual’s degree in the last network iteration of the trial. The means of
the last degree were connected and plotted along the first degree axis and
show no correlation and no strain or sex difference. (/) The probability of
being the receiver in an interaction increases with an individual’s total de-
gree. The mean probability of receiving an interaction is plotted, and this
function of preferential attachment shows no sex or strain difference. (A-/)
Colors indicate strain and sex: Canton-S males (n = 43, white) and females
(n = 26, green) and Oregon-R males (n = 28, orange) and females (n = 23,
purple). *P < 0.05, **P < 0.01, and ***P < 0.001, only when significance is
maintained after multiple test corrections. B-F analyzed using two-way
ANOVAs (Methods). Error bars indicate mean + 1 SE. Boxplot whiskers
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an experimental group and ran them through a modified classifier
(keeps angle and distance but loses time as criteria; Methods, Fig.
1G, and Fig. S2). Again, the observed SINs had a significantly
different degree distribution from the virtual network controls,
suggesting that SINs do not arise simply from the physical con-
straints on the locomotor trajectories of individual flies within the
arena (Fig. 1G).

To test whether wild-type flies maintained a consistent number
of social interactions (their “degree”) over time, we compared
each fly’s degree in the first iteration with its degree in the last
iteration of a trial (Fig. 1H). We found no correlation, which
indicates that individuals do not maintain a fixed number of
contacts over time. This means that the stability of SIN dynamics
over time (see below) cannot be explained by the constancy of
each fly’s number of social connections, a finding consistent with
other transient social networks (15). Stated another way, the SIN
position of an individual fly varies over time, whereas the
structure of the SIN persists within a trial.

Next we investigated whether an individual’s degree affects the
probability of acquiring an incoming interaction [an attribute
known as “preferential attachment” (19)]. Both strains and sexes
displayed a high correlation between current degree and prob-
ability of acquiring an incoming interaction (Fig. 1I). This non-
zero correlation is taken as evidence for preferential attachment.
Because we see no correlation between the number of inter-
actions received during the first and last iteration of a SIN (Fig.
1H), this cannot be explained by some persistent “attractiveness”
of a fly. Rather, it suggests that an individual’s recent degree is
somehow evident to others in the network. We see no strain
differences in preferential attachment (Fig. 1/), despite the
observations that strains differ in the rate of interaction and the
interaction duration (Fig. 1 D and E).

The passage of information (e.g., the cues conveying an indi-
vidual’s degree) could rely on the sending and receiving of sig-
nals between flies. To assess the sensory modalities involved, we
investigated the role of visual, acoustic, olfactory, and gustatory
pathways in the formation of SINs among male flies. For vision,
we performed experiments using Canton-S flies in dim far-red
light (850 nm), to which the flies are not sensitive (20). Similar to
what has been reported for courtship behavior (21, 22), the ab-
sence of visual cues did not affect overall movement or the
percentage of reciprocal interactions (Fig. 2 A-D). For hearing,
we also performed experiments using hearing-impaired homo-
zygous inactive mutants (iav’) (23). These mutants are hearing
impaired and tend to display low levels of locomotor activity, but
we observed no effect on movement (Fig. 24). The rate of
forming interactions in groups of homozygous mutant iav’ flies
was not significantly different from that measured in Canton-S
homozygous controls, although heterozygous iav’/Canton-S flies
displayed significantly lower rates than either homozygous strain
(Fig. 2B). We also observed a significant increase in the pro-
portion of interactions reciprocated in mutant iav’ flies (Fig.
2D). Similar to the wild-type strains, the degree distribution
within the networks formed by vision- and hearing-impaired flies
was different from those predicted by simulated Erdés—Rényi
networks and their respective virtual network controls (Fig. 2E).

In contrast to flies with compromised vision and hearing, the
chemosensory mutants AXBs6;poxn“™??> (poxn®*#5%) and Orco?
disrupted the SIN phenotype. The gustatory mutant poxn*¥?s
has a deletion of the poxn gene with a partial transgenic rescue
that effectively transforms gustatory sensillae, including those on
the forelegs, into mechanosensory sensillae (13). The control

indicate 1.5*(interquartile range). Measurements presented here represent
networks at 25% density (33 unique directed interactions). Tables S2 and S3
show all relevant P values.
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Fig. 2. Effects of sensory manipulations on male behavioral characteristics

during network formation. (A) Movement during trials was unaffected by
visual cues (Canton-S vs. Canton-S in the dark), acoustic cues (Canton-S vs.
iav'/Canton-S vs. iav'/iav’; P = 0.0615), or gustatory cues (poxn®“Pe* vs,
poxn**Bs€) but was affected by olfactory cues (Canton-S vs. Orco?/Canton-S
vs. Orco®/Orco’; P = 0.23, not significant after multiple test correction). (B)
Rate of interactions was significantly reduced by eliminating visual cues (P <
0.001) and was significantly reduced in heterozygotes for the iav’ mutation
(P < 0.001). Olfactory cues significantly affect the rate of interaction, Orco?/
Canton-S and Orco?/Orco? exhibiting a slower rate than Canton-S (P < 0.001).
(C) Average duration of an interaction was affected only by visual cues,
because Canton-S in the dark has significantly shorter interactions (P <
0.001). (D) Percentage of interactions reciprocated by the receiving fly was
increased by affecting acoustic cues (P =0.011) and olfactory cues (P < 0.001).
(E) As in Fig. 1, variances of degree distribution were compared with Erd6s—
Rényi (E-R) random networks (shaded line) and virtual network controls
(hatched lines) with a sign test. There was some variation in the success of
generating these virtual networks (100% for Canton-S, Canton-S in the dark,
iav'/Canton-S, and iav'/iav’, 99.9% for Orco?/Canton-S, 82% for Orco?, 99%
for poxn®“Pe4, and 71% for poxn®*¢ ; at least 500 virtual networks were
established for each genotype). All genotypes had a significantly higher
variance of degree distribution than E-R random networks. All groups be-
sides poxn**® had significantly lower variance of the observed degree
distribution compared with their respective virtual networks. As poxnAXBs6
was not significantly different from its virtual network controls (P = 0.061),
this strain was excluded in further analysis. A-D analyzed with ANOVAs
(Methods). Groups are color-coded: Canton-S (n = 43, white), Canton-S in the
dark (n = 28, black), iav'/Canton-S (n = 26, light blue), iav'/iav’ (n = 26, blue),
Orco?/Canton-S (n = 24, light red), Orco?/Orco? (n = 14, red), poxn®“Pe (n =
21, light brown), and poxn**5 (n = 12, brown). *P < 0.05, **P < 0.01, ***P <
0.001, only when significance is maintained after multiple test corrections.
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strain poxn®™? B SuperA-158 (poxns7“*) harbors this same
deletion, but mutant effects are eliminated by complete trans-
genic rescue (13). The poxn®*®* flies showed an extreme re-
duction in the ability to form SINs (40% of poxn®*®*° failed to
accumulate enough interactions for at least one network; Fig.
S1). When SINs did form, the degree distribution could not be
distinguished from the virtual network controls (Fig. 2E), sug-
gesting that the interactions formed in this genotype were not
selective. For this reason, we did no analysis on the structure of
SINs produced by this strain. We note that poxn strains were
indistinguishable and normal for all other behavioral measures.
One caveat is that the effects of this mutation could potentially
be explained by an increased sensitivity to touch. Touch and taste
are intertwined in the fly, and we are unaware of mutant strains
that distinguish between these modalities. In any case, SINs
strongly rely on contact, and the more conventional interpretation
of this mutation is that it 1nﬂuences gustatory sensation.

The olfactory mutant Orco? has a severe, although not complete,
loss of smell (24, 25). Like poxn®*B _these olfactory mutants show
a drastic reduction in their ability to form a SIN (Fig. S1). How-
ever, unlike poxn®*®*°, when Orco? did form SINs they were not
random: they differed from both the Erdos—Renyl networks and
virtual network controls (Fig. 2E). The Orco? SINs were charac-
terized by a significantly lower rate of movement and interactions,
as well as a significantly higher proportion of interactions that were
reciprocated (Fig. 2 A, B, and D). We note that auditory mutants
also display increased reciprocity. This suggests a tendency for
both mutant strains to interact more with individuals with which
they have had a previous interaction than do wild-type flies.

All individuals within a social network can play a role in forming
contacts and transmitting information. In this context, we assessed
the average role of individuals in our SINs with four parameters
that have been used to indicate types of relationships within social
networks (Fig. S3 provides graphical representation of these con-
cepts). (i) Clustering coefficient: a measure of how interconnected
neighbors are to one another (17). An individual interactor in
a SIN with a relatively higher clustering coefficient is more likely to
have interactees who interact with each other. (if) Assortativity: the
probability of an individual interacting with another individual of
similar degree (17). Individuals in a SIN with lower assortativity
would have a more heterogeneous (by degree) complement of
interactors than in a SIN with higher assortativity values on aver-
age. (iii) Betweeness centrality: the number of shortest paths that
traverse an individual, which indicates the relative importance of
a given individual for communication relay (17). SINs with higher
betweeness centrality are expected to have more members that are
critically important for maintaining network cohesion and poten-
tially transmitting information between subnetworks compared
with networks with lower values. (iv) Global efficiency: a measure of
redundant pathways (26). SINs with high global efficiency values
suggest that the average distance between individuals is smaller in
the network than when global efficiency is low.

Here, all four parameters are directed measures. We used z
scores to normalize across groups, accounting for the differences
in degree distribution (Methods and Figs. 1G and 2E). The fly
SINs we measured were consistent with respect to these five
metrics, both within a 30-min trial (Fig. S4 4 and B) and across
the interaction density levels used to define them (see Fig. 4 and
Fig. S5). Because all five variables may be interrelated, we cor-
rected for multiple tests (see legend to Fig. 3).

Statistical group identities (lowercase letters) are color-coded by test. All
significant effects of Orco? were observed in both a Canton-S as well as
a w'’"® background (Fig. $8). Error bars indicate mean + 1 SE. Boxplot
whiskers indicate 1.5*(interquartile range). Measurements presented here
represent networks at 25% density (33 unique directed interactions). Tables
S2 and S3 show all relevant P values.

Schneider et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121252109/-/DCSupplemental/pnas.201121252SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121252109/-/DCSupplemental/pnas.201121252SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121252109/-/DCSupplemental/pnas.201121252SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121252109/-/DCSupplemental/pnas.201121252SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121252109/-/DCSupplemental/pnas.201121252SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121252109/-/DCSupplemental/pnas.201121252SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121252109/-/DCSupplemental/pnas.201121252SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121252109/-/DCSupplemental/pnas.201121252SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121252109/-/DCSupplemental/pnas.201121252SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121252109/-/DCSupplemental/pnas.201121252SI.pdf?targetid=nameddest=ST3
www.pnas.org/cgi/doi/10.1073/pnas.1121252109

L T

/

1\

=y

We observed a significant effect of genetic strain on betwee-
ness centrality (Fig. 3C). The difference in the measure of cen-
trality indicates that, on average, each individual is more critically
required for maintaining the overall pattern of network connec-
tivity in Canton-S than in Oregon-R (Figs. 3C and 4A4). Impair-
ment of visual and auditory modalities did not affect any of the
network properties after multiple test correction (see legend to
Fig. 3). The Orco® mutants produced a significantly lower score
for global efficiency (Figs. 3D and 4B), indicating that the
olfactory deficit leads to a set of social interactions resulting in
a greater average network distance between individuals. We also
note a tendency for olfactory mutants to have both a higher
assortativity and higher clustering coefficient, although these are
not significant after multiple test correction (Fig. 3 A and B).

We evaluated SINs at varying densities of unique interactions
(see above and Fig. 4). Our a priori criterion (25%) yielded
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Fig. 3. Strain and sensory mutation affect network organization. Meas-
urements for each network were standardized to 10,000 random network
simulations which preserved distribution of the in- and out-degrees of the
iterative network, creating a z score. (A) Clustering of flies within the net-
works was not different between Oregon-R and Canton-S: neither strain (P =
0.019) nor sex X strain interaction (P = 0.023) were significant after multiple
test correction. Canton-S in light vs. Canton-S in dark was also not different
(P = 0.036) after multiple test correction. Mutations affecting acoustic and
olfactory modalities did not affect the clustering coefficient (acoustic: Can-
ton-S vs. iav'/Canton-S vs. iav'/iav’; P = 0.292, olfactory: Canton-S vs. Orco®/
Canton-S vs. Orco?/Orco?, P = 0.019; not significant after multiple test cor-
rection). (B) Assortativity of the networks was not higher in Canton-S com-
pared with Oregon-R (P = 0.0738) or in olfactory mutants compared with
controls (P = 0.048; not significant after multiple test correction). (C)
Betweeness centrality is significantly higher in Canton-S compared with
Oregon-R (P = 0.012). Eliminating visual cues did not increase the betwee-
ness centrality of Canton-S (P = 0.033; not significant after multiple-test
correction). (D) Global efficiency did not increase by eliminating visual cues
(P = 0.099) but significantly decreased in olfactory mutants (P = 0.005). A-D
analyzed with ANOVAs (Methods). Groups are color-coded: Canton-S males
(n = 43, white) and females (n = 26, green), Oregon-R males (n = 28, orange)
and females (n = 23, purple), Canton-S in the dark (n = 28, black), iav'/
Canton-S (n = 26, light blue), iav'/iav’ (n = 26, blue), Orco?/Canton-S (n = 24,
light red), Orco?/Orco? (n = 14, red), poxn®“P®"* (n = 21, light brown), and
poxn**B€ (n = 12, brown). *P < 0.05, **P < 0.01, ***P < 0.001, if significance
is maintained after multiple test corrections. Group identities (lowercase
letters) are color-coded by test. All significant effects of Orco? were observed
in both a Canton-S as well as a w’ "8 background (Fig. S8). Error bars indicate
mean + 1 SE. Measurements presented here represent networks at 25%
density (33 unique directed interactions).
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Fig. 4. Network dynamics seem to be consistent at varying densities. Net-
works were evaluated at 12.5%, 20%, 25%, 50%, and 75% density to de-
termine consistency of network dynamics (17, 27, 33, 66, and 99 unique
directed interactions, respectively; see text). Z scores were based on 500
simulations, which preserved the in- and out-degree of the iterative net-
works. The difference between strains in betweeness centrality (A) displayed
a strong trend from 20% to 50% (Canton-S males, n = 43, 43, 42, and 40;
Canton-S females n = 26, 26, 26, 26, and 26; Oregon-R males n = 28, 28, 28,
25, and 19; Oregon-R females n = 23, 23, 23, 23, and 20, at 12.5%, 20%, 25%,
50%, and 75% density, respectively). The reduction of global network effi-
ciency in Orco? mutants (B) showed a consistent trend from 12.5% to 50%
(Orco®lCanton-S n = 27, 25, 24, 21, and 11; Orco® n = 23, 18, 14, 6, and 2 at
12.5%, 20%, 25%, 50%, and 75% density, respectively). (A-D) *P < 0.05,
**P < 0.01, ***P < 0.001, if significance is maintained after multiple test
corrections. Significant effects of Orco® were observed in both a Canton-S as
well as a w’""® background (Fig. S8). Error bars indicate mean + 1 SE.

significant results in betweeness centrality (in strains) and global
efficiency (for Orco’ mutants), and the trends were consistent
across a wide range of different density criteria (Fig. 4). In ad-
dition, certain measurements (such as assortativity between
Canton-S, Oregon-R, and Orco?, as well as clustering coefficient
in Orco?) seem to be quite consistent at varying densities, despite
a lack of statistical significance (Fig. 3 and Fig. S5). Our findings
suggest that chemosensory function is required to support the
emergent structural properties of SINs in Drosophila.

The dynamics we have presented here could be the result of
behavioral interactions before the experiment because we eval-
uated groups that had been housed together from the time of
adult eclosion. To test this hypothesis we compared the SINs of
wild-type flies under three different rearing conditions: (i)
housed together, (i) drawn from distinct groups, and (iii) in-
dividually isolated from the time of eclosion. We found no sta-
tistical differences between these groups in any of the social
network measurements (Fig. S6), suggesting that manipulation
of prior adult social experience has little effect on the network
dynamics. Along with strain-specific differences (Fig. 3), this
result strengthens the suggestion of an innate feature of SIN
formation in Drosophila.

Another structural analysis of networks focuses on patterns of
triadic interactions known as motifs (27). Although the in-
terpretation of individual motifs is unclear, patterns of triadic
interactions that occur more or less frequently than expected
may provide a signature for networks (28). We constructed dis-
criminant classifiers based on triadic patterns of interaction.
These classifiers were able to distinguish among genotypes with
a high degree of efficiency (up to ~98% accuracy; Fig. S7),
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promising an excellent method for future genetic screens of the
SIN phenotype in Drosophila.

Our experiments indicate that Drosophila form nonrandom
social networks that persist with a stable structure over time and
density (Figs. S4 and S5). In addition, network structure varies in
a strain-dependent manner and depends critically on chemo-
sensory signals. We failed to find differences between networks
as a consequence of prior adult social experience, and we ob-
served that individuals display variability of their SIN position as
the network evolves in time (Fig. 1H), suggesting that network
dynamics form rapidly. The mechanisms by which a particular
individual remains within the network but transitions continu-
ously to a different network position remain unknown. The ob-
servation that individuals do not occupy a fixed position in a SIN
while a constant structure is maintained suggests that there may
be a temporal or numerical limitation on the influence of past
interactions. On the other hand, it is noteworthy that the absence
of such individual “memory” is associated with the long-lasting
group structure revealed by our analysis. We think that this
somewhat paradoxical relationship between persistent group
structure and individual limitations may be resolved as we learn
more about the molecular and physiological mechanisms that
underlie the formation of SINs.

Observing and quantifying the structure of Drosophila SINs
may lead to a greater understanding of an individual’s behavior
within a group. The characterization of emergent group-level
phenotypes such as betweeness centrality and global efficiency
offers a first step toward identifying computational rules that
guide individual behavior within the network. Such agent-based
models would aid in the identification of candidate genes gov-
erning social rules of engagement.

Although not tested here, SINs may capture the spread of in-
formation throughout a group as it performs communal behav-
iors. Mated females have been shown to communicate a substrate
preference both directly and through female intermediaries (29).
We speculate that measurements of information relay, such as
betweeness centrality, correlate to the ability of flies to transfer
such preferences between individuals (Fig. 3C).

Here, the SIN phenotype has been measured under artificial
conditions, and it remains to be seen what role such patterns of
interaction play in the wild. The transient nature of the networks,
however, is consistent with the natural history of Drosophila
melanogaster (2). While active, flies frequently aggregate with
conspecifics and closely related species on rotting fruit, although
the composition of such aggregates changes over time. Dro-
sophila modulates its behavior based on the group composition,
reproductive status, and oviposition substrate preference of
others in the group. A fly arriving on a rot would benefit from
quickly determining these variables, and resident flies would
benefit from acquiring similar information about new immi-
grants. Between individuals, features such as species and sex are
represented by chemical tags (30). The ability of individuals to
communicate their degree of interaction (Fig. 1/) hints that such
tags also convey the number and quality of prior interactions. If
a recent arrival to a rot were able to discriminate the chemical
tags of others, it might evaluate its new social environment very
quickly. We note that although Drosophila do exhibit social in-
formation transfer and may learn from conspecifics (29), it is
unclear to what extent and in what direction information flows
through the SINs we observed. Nevertheless, we were able to
quantify differences in social interaction structure using metrics
designed to characterize information flow.

Recent studies also show that strain-specific patterns of in-
teraction may give rise to more complex social phenomena. For
example, a strain-specific effect observed between Canton-S and
Oregon-R demonstrates that in Drosophila, patterns of mixed
mating have nonlinear effects on offspring genotypes (9). It is
tempting to hypothesize that such mating patterns and assessment
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of social context emerges from the same strain-specific organiza-
tional properties found in the SINs. Our experimental method will
permit us to approach such dynamic interactions quantitatively
and further investigate the relationship between social behaviors
and the structure of social interactions.

These results support classic ideas that social organization is
best understood in terms of the natural history of the species
(31, 32). Although it is possible that the genetic basis of social
behavior has evolved independently, we favor the view that—
like mechanisms underlying circadian clocks and learning
(33)—the genetic dissection of Drosophila group behavior will
identify molecular mechanisms of social structure conserved
across a wide taxonomic base.

Methods

All collections were under light anesthesia (CO,) and grouped by genotype
and sex into vials at time of eclosion. Each vial contained 12-16 flies (except
for isolated; Fig. S5) and were kept at 12 h light/12 h dark for 3 d and at 25 °C
before use in an experiment.

Thirty minutes of video was acquire with fview (34) and analyzed using Ctrax
(14) to obtain fly orientation, position, and trajectories. Scripts were written in
MATLAB to import tracked data and identify when an interaction occurred
between specific flies, defined by rules outlined in Fig. 1A. Brain Connectivity
Toolbox (35) MATLAB scripts were used for network measurements.

Iterative Network Analysis. A connectivity matrix (CM;) was established, ac-
cumulating the critical number of interactions while ignoring the first i — 1
interactions. Although weighted connection matrices were produced, all
subsequent analyses were carried out on unweighted (binary) connectivity
matrices.

Randomness Tests. We compared the mean variance for each trial against
both the median of the variance of the degree distribution of 10,000 Erdds—
Rényi graphs and the median of the mean variance of the degree distribu-
tion of their respective artificial networks. A sign test determined whether
the variances were significantly different from the medians of the controls.

Preferential Attachment. Each network within the trial was analyzed. The
degree of a fly was determined when the network was five interactions short
of completion. The subsequent five incoming interactions were then recor-
ded against the receiving fly’s degree, and the normalized probability was
calculated and plotted.

Fly Behavior Measurements. Movement, average time spent per interaction,
interaction rate, and percentage of interactions reciprocated were analyzed
with ANOVAs. Each test's F statistic (including factor and interaction) were
compared with an empirical distribution (36). To correct for multiple tests,
the false discovery rate was controlled between the behavioral measure-
ments (37).

Structural Measurements. All trials were standardized to control for the de-
gree distribution. For each trial, random networks were generated with the
same in- and out-degree distributions. Each measurement was calculated for
the observed as well as every generated network to generate a z score (used
for all statistical analyses of network properties):

(measurementypserved — Mean(measurement,angom ))/std(measurement,angom )-

Univariate analysis permutations and multiple test correction were carried
out as above. To correct for multiple tests, the false discovery rate was
controlled between the four network measurements. Fig. S7 shows analysis
of triadic interactions [motifs (27)] and discriminant analysis classifiers.

Tables S2 and S3 show all behavioral and structural P values. More de-
tailed methods are available in S/ Methods.
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