© 2017. Published by The Company of Biologists Ltd | Journal of Experimental Biology (2017) 220, 35-41 doi:10.1242/jeb.141457

e Company of
‘Blologlsts

REVIEW

The neurogenetics of group behavior in Drosophila melanogaster
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ABSTRACT

Organisms rarely act in isolation. Their decisions and movements are
often heavily influenced by direct and indirect interactions with
conspecifics. For example, we each represent a single node within a
social network of family and friends, and an even larger network of
strangers. This group membership can affect our opinions and
actions. Similarly, when in a crowd, we often coordinate our
movements with others like fish in a school, or birds in a flock.
Contributions of the group to individual behaviors are observed
across a wide variety of taxa but their biological mechanisms remain
largely unknown. With the advent of powerful computational tools
as well as the unparalleled genetic accessibility and surprisingly
rich social life of Drosophila melanogaster, researchers now have a
unique opportunity to investigate molecular and neuronal
determinants of group behavior. Conserved mechanisms and/or
selective pressures in D. melanogaster can likely inform a much wider
phylogenetic scale. Here, we highlight two examples to illustrate how
quantitative and genetic tools can be combined to uncover
mechanisms of two group behaviors in D. melanogaster. social
network formation and collective behavior. Lastly, we discuss future
challenges towards a full understanding how coordinated brain
activity across many individuals gives rise to the behavioral patterns
of animal societies.

KEY WORDS: Drosophila melanogaster, Collective behavior,
Group behavior, Neurogenetics, Social networks

Introduction

Animals cooperate to feed, mate, outcompete others and thrive in
resource-limited environments. When individuals work together,
they can accomplish far more than they could in isolation. For
example, ants build complex colonies that span many kilometers
(Holldobler and Wilson, 1990) and fish aggregate into large schools
that can dissuade (Ioannou et al., 2012) or facilitate escape from
predators (Rosenthal et al., 2015). Although we now have a good
understanding of behavioral algorithms that give rise to group action
(Rogers et al., 2003), very little is known about their underlying
neurogenetic mechanisms. This is partly due to the complexity of
natural environments: constantly changing visual, auditory,
olfactory, gustatory and tactile features make it difficult to
determine which cues and biological sensors serve to link
individuals with one another. Nevertheless, uncovering these
neurogenetic mechanisms remains an important goal as they
represent the substrate through which group behaviors likely
evolve. There are at least two intertwined facets of group behavior
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that are ripe for neurobiological investigation: the formation of
social networks and the regulation of collective behavior.

Social networks

In animal groups, individuals can be drawn toward or away from one
another for a variety of reasons. For example, long-lasting bonds
may exist between family members. On shorter time scales,
individuals may be sexually attracted to one another, or to
environmental resources such as food patches (Ramos-Fernandez
et al., 2006). Individuals may also avoid one another because of
social or sexual competition, or to maintain a comfortable distance
from their neighbors (Simon et al., 2011). The process of satisfying
these opposing forces gives rise to a dynamic group-level structure
called a social network (Kossinets and Watts, 2006). Social
networks have important implications for understanding how
information, contagions or behavioral patterns are transmitted
among group members (Laland and Plotkin, 1990; Loehle, 1995;
Zeltner et al., 2000). Importantly, social networks are descriptive in
nature: they do not address the intentionality of inter-individual
associations. Even unintentional interactions can facilitate the
transmission of disease vectors and important information.

Social networks can be visualized as graphs with nodes
(individuals) linked to one another through edges (associations).
These links can represent a variety of different kinds of interactions.
For example, human social network links can represent how much
individuals intend to associate with one another (Apicella et al.,
2013), or how much they communicate by email (Kossinets and
Watts, 2006). Because non-human animals cannot report their
associations, their social networks are typically inferred by
measuring whether individuals spend more time with one another
than would be expected by chance (Krause et al., 2009; Pinter-
Wollman et al., 2013; Williams and Lusseau, 2006). Links within an
animal group’s social network can be consistent across time because
of individually constrained biological roles (e.g. castes in ant
colonies) or relatively permanent social roles with impermanent
actors (e.g. birds taking turns as alarm-calling sentinels). However,
associations can also change over time. Network dynamics can be
analyzed using graph-theoretical approaches (Newman, 2010) to
understand how group structures change over time (Kossinets and
Watts, 2006), how groups constrain individual actions (Centola,
2010) and how manipulations of an individual can influence the
group (Williams and Lusseau, 2006).

Collective behavior

A second prominent context for studying the neurogenetics of group
behavior is that of collective behavior: coordinated decisions,
actions and movements that are not dictated by a central planner but,
instead, emerge via distributed interactions among group members
(Couzin, 2009; Sumpter, 2006). This distributed mechanism has
been effective at explaining collective behaviors across a wide range
of'taxa and models including human crowds (Silverberg et al., 2013;
Turner and Killian, 1957), fish schools (Berdahl et al., 2013;
Rosenthal et al., 2015; Ward et al., 2011), locust swarms (Bazazi
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et al., 2008; Buhl et al., 2006), ant colonies (Gelblum et al., 2015;
Khuong et al., 2016), bird flocks (Cavagna et al., 2010; Nagy et al.,
2010), midge swarms (Attanasi et al., 2014), worms (Yuan et al.,
2014), amoebae (Gregor et al., 2010), cells (Vedel et al., 2013),
robots (Giomi et al., 2012; Rubenstein et al., 2014) and colloids
(Bricard et al., 2014). In animals, group-level behaviors likely
evolved under very specific ecological and social conditions
(Gordon, 2014; Hein et al., 2015) to facilitate foraging (Berdahl
et al., 2013; Handegard et al, 2012) and predator avoidance
(Ioannou et al., 2012).

A framework for investigating group behaviors

Social networks and collective behavior share important features.
As mentioned earlier, in both cases, group dynamics result from
distributed interactions among individuals rather than coordination
by a central planner. Consequently, mechanistic investigations of
these phenomena have focused on inter-individual transmission of
social signals. For example, studies of eusocial insects such as ants
have identified tactile and indirect chemical signals that are used to
coordinate brood raising, colony defense, food foraging and nest
building (Hoélldobler and Wilson, 1990; Khuong et al., 2016).
Similarly, the collective, ordered movements of Notemigonus
crysoleucas fish schools have been shown to emerge from the
propagation of visual social cues across individuals in a population
(Berdahl et al., 2013).

At first glance, this paradigm, in which group dynamics emerge
from a set of inter-individual interaction rules, lends itself to well to
reductionist studies. Typically, one first records and quantifies a
group behavior. To accomplish this, one must first be able to
accurately track the movements of individuals. Accurate
identification of each individual is vital for the study of social
networks but may be less crucial for understanding collective
behavior. Then, to infer interaction rules giving rise to the group-
level phenomenon, individuals, pairs and even triads (Katz et al.,
2011) of animals are closely studied in highly controlled conditions.
It should be noted that this reductionist approach, while highly
informative, has limitations. A focus on dyadic/triadic interactions
cannot directly interrogate emergent group-level properties, making
it difficult to predict how group dynamics would be modified by the
altering pair-wise interactions (Schneider et al., 2012a, 2016). For
example, the structure of a Lasius niger ant colony nest depends on
the intensity and decay rate of pheromone deposits (Khuong et al.,
2016). This relationship is a complex function that cannot
simply be intuited. Therefore, computational models have become
indispensible to test the sufficiency of interaction rules intended to
explain group dynamics. Specifically, the average individual
response to social or environmental cues is measured and then
used to control the motion of simulated agents. These simulations
can help to test the sufficiency of parsimonious behavioral
mechanisms underlying group dynamics. Although the algorithms
used in simulations do not necessarily reflect exact biological
solutions, they help to constrain the number of possible models and
generate predictions to be tested in future experiments performed
with real animals.

Determining inter-individual interaction rules can also provide a
natural entry point for identifying the neurogenetic underpinnings
of group behavior (e.g. neurons and genes used to send and receive
social signals). To do this, one must be able to manipulate and
measure the activity of neurons and genes in behaving groups of
animals to measure the effect of experimental perturbations on the
topology of social networks or the dynamics of collective behavior.
Although advances in gene-editing technology (Wright et al., 2016)
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now make it possible to study how genes and neurons govern group
behavior in classic models such as ant colonies (Libbrecht et al.,
2013), locust swarms and bird flocks, these approaches are still
under development. However, many exciting questions can already
be addressed using genetic model organisms such as fish (e.g.
Danio rerio; Miller and Gerlai, 2012; Wyatt et al., 2015) and flies
(e.g. Drosophila melanogaster; Clark et al., 2013; Lihoreau et al.,
2016). In this Review, we focus on studies of group behavior in
Drosophila melanogaster.

Group behavior in Drosophila melanogaster

Drosophila melanogaster has long been an experimental workhorse,
enabling important advances in multiple areas of biology (Laland and
Plotkin, 1990; Lemaitre et al., 1996; Lochle, 1995; Morgan, 1910;
Muller, 1927; Niisslein-Volhard and Wieschaus, 1980). Although
much of what we know about D. melanogaster is inferred from
laboratory studies, diverse Drosophila species are spread throughout
the world and are known to have a rich natural ecology (Carson and
Kaneshiro, 1976; Markow, 2015). Drosophila melanogaster is rarely
considered a model for group sociality, but this commonly held view
is slightly misleading. Flies form groups on food and oviposition sites
(Shorrocks, 1972). This aggregation can be modulated by the
distribution of environmental resources, genetic determinants that
determine the degree of resource exploitation versus exploration/
foraging (Sokolowski, 2010), and social mechanisms. For example,
adult males lay pheromones that attract females to food sources (Lin
etal., 2015), and larvae deposit aggregation pheromones (Mast et al.,
2014) that may be used to facilitate food digestion (Durisko et al.,
2014) and create opportunities for cannibalistic interactions
(Vijendravarma et al., 2013).

A question that naturally follows the observation that
D. melanogaster aggregate is whether fly groups benefit individual
animals. Evidence suggests that group life may facilitate social
learning (Battesti et al., 2012; Mery et al., 2009), influence foraging
decisions (Lihoreau et al., 2016) and generate a heightened awareness
of environmental stressors (Suh et al., 2004). Therefore, although D.
melanogaster groups cannot rival the complexity of eusocial insect
colonies, they may serve as a useful model for identifying conserved
mechanisms for simple emergent group-level behaviors. Here, we
highlight two studies using D. melanogaster that aimed to uncover
sensory genes and neural pathways required for two group
phenomena — social networks (Schneider et al., 2012b) and
collective behavior (Ramdya et al., 2015).

Drosophila social networks

Schneider et al. (2012b) combined graph theoretical analyses
(Boccaletti et al., 2006; Pinter-Wollman et al., 2013) and semi-
automated behavioral tracking (Branson et al., 2009) to quantify D.
melanogaster social networks and to identify sensory modalities
and genes that influence network structure. Briefly, they tracked the
behaviors of groups of flies within a shallow circular arena (Fig. 1A)
(Simon and Dickinson, 2010). They then quantified D.
melanogaster social interaction networks (SINs) by building a
behavioral classifier that identified when pairs of flies were within
two body lengths of one another and oriented such that one fly could
function as an interactor and the other as an interactee (Fig. 1B,C).
Although these criteria were determined empirically, new
approaches can perform this task in an automated manner
(Schneider and Levine, 2014). Schneider et al. (2012b) then
recorded these interactions over 30 min. A sliding window approach
was used for each experiment to gain a dynamic view of social
networks; once a network accumulated a critical density, the initial
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Fig. 1. Drosophila melanogaster social interaction networks. (A) Still
frame from a video used to empirically determine a social interaction. Twelve
flies are video-recorded and tracked in a circular arena. Examples of ongoing
interactions are highlighted (red boxes) in which ineractor flies are labeled 1
and recipients of interactions (interactees) are labeled 2. (B) High-resolution
image of flies interacting in an arena. (C) Criteria used to define an interaction.
The interactor (1) must be within two body lengths (x) of the interactee (2).
Additionally, the angle between the long axis of the interactor and the line
linking the two flies (o) must be less than 90 deg. (D) Interactions between flies
(red arrows) are recorded and added to a history of prior interactions (white
arrows) to build a social interaction network (SIN). Directionality of the arrows
indicates the identities of the interactor (origin) and interactee (arrowhead).
(E) Example of a single network iteration for a SIN. Each circle is a node
representing an individual fly. Arrows indicate the directionality of observed
interactions between each fly. Each fly’s degree (number of interactions) is
superimposed upon each node. (F) SIN measures are influenced by
chemosensory cues. Olfactory-defective homozygous mutants Orco?
displayed lowered global efficiency than control flies (P<0.01). Groups are
color-coded: Canton-S (n=43, white), Orco?/Canton-S (n=24, pink), Orco?/
Orco? (n=14, red).

interaction was ignored and a new network was created from the
second interaction onward in an iterative manner — this collection of
networks captures how a SIN changes through time (Fig. 1D,E).
The authors confirmed that SINs are not simply artifacts resulting
from the geometry of the experimental arena and/or a consequence
of flies randomly encountering one another. They then quantified
SINs using the common graph theory metrics of assortativity,
clustering, betweenness centrality and efficiency, and found that
network properties were stable (i.e. observed reproducibly)
throughout each experiment. Clear differences in network
properties could be found among genetically distinct wild-type
D. melanogaster strains. Intriguingly, social network properties
have also been found to be heritable in humans (Fowler et al., 2009).

Finally, Schneider et al. (2012b) asked which sensory modalities
shape inter-fly interactions and SINs. Impairments of vision and
hearing did not significantly affect SIN organization. Flies are
coated with cuticular hydrocarbon pheromones — a chemical
signature of their sex, species and mating state (Billeter et al.,
2009). Therefore, hydrocarbon chemosensing was a likely
candidate for coordinating inter-fly interactions. To test the role of
taste-dependent hydrocarbon sensing, the authors studied flies with
mutations in the poxn gene. This mutation causes sensilla that are
normally destined to convey taste to transform into those that
transmit mechanosensory signals (Awasaki and Kimura, 1997).
They observed that poxn mutants have SINs that are statistically

indistinguishable from their spatiotemporally shuffled control
networks. The authors interpreted this as demonstrating that
gustation is required for the non-random structure of
D. melanogaster social networks. Finally, to test the influence of
long-distance odor cues in social network structure, the authors
impaired olfaction by mutating Orco, a gene that encodes an
important olfactory co-receptor in Drosophila (Larsson et al.,
2004). They observed a strong effect on social networks, supporting
a role for olfactory chemosensing in the organization of SINs
(Fig. 1F).

By combining quantitative network analysis with genetic tools, the
study of Schneider et al. (2012b) provides a first look at sensory genes
that contribute to the organization of social networks in an animal

group. Still, many challenges lie ahead in interpreting
D. melanogaster social networks. First, the relative influences of
individual behavioral tendencies, life histories and initial

experimental conditions on the topology of social networks
remains unclear. Second, graph theoretical metrics have their roots
in the study of information flow (Noble et al., 2004; Wu et al., 2004).
Connected individuals in a social network have more frequent contact
with one another, a prerequisite for communicating some kinds of
information. Generally speaking, information communication among
animals has been difficult to quantify. Therefore, to what extent and
how information flows in a meaningful way through D. melanogaster
social networks remains to be determined (however, see Battesti et al.,
2012 for sequential transfer of information about oviposition site
preference). Finally, unlike in laboratory experiments, the natural
world is full of constantly changing group membership and sensory
cues. Therefore, whether SINs can establish themselves in nature is
unknown. If they do, how SINSs remain resilient in the face of stimuli
that drive goal-oriented behaviors such as feeding, mating and
predator escape has yet to be determined.

Drosophila collective behavior

The collective escape of fish schools and stampeding of human
crowds are vivid examples of how strong sensory cues can modify
and disrupt group structures. The time course of these escape
behaviors has been well studied, revealing that social interactions
rather than environmental cues largely determine how collective
actions unfold (Rosenthal et al., 2015). Still, neurons and genes that
regulate these interactions remain largely unknown. To address this
gap, Ramdya et al. (2015) investigated the neurogenetic
mechanisms underlying collective behavior in D. melanogaster.

As in the study of D. melanogaster social networks (Schneider
et al.,, 2012b) and collective behavior studies in other species
(Attanasi et al., 2014; Berdahl et al., 2013), the authors of Ramdya
et al. (2015) used semi-automated tracking methods (Branson et al.,
2009; Ramdya et al., 2012) to quantify animal behavior in a simple
behavioral arena. They asked to what extent group density
influences the odor avoidance decisions of individual flies.
Specifically, an aversive odorant, 5% CO,, was passed through
one half of a rectangular arena while air was passed through the
other half (Fig. 2A). Flies in the odor zone were tracked and the time
they spent in the air zone was used to quantify olfactory decision-
making. The authors were surprised to find that individual odor
avoidance increased when animals were placed in groups of
densities similar to those found on a food source (Ramdya et al.,
2015) — a hallmark of collective behavior.

Previous studies of ordered group behavior support the notion
that collective behaviors arise from interactions among group
members (Couzin, 2009; Sumpter, 2006). Consistent with this,
Ramdya et al. (2015) found that odor-responsive flies seemed to
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Fig. 2. Drosophila melanogaster collective behavior. (A) Collective odor
avoidance. An aversive odorant, 5% CO,, enters the arena on the right side
(orange), resulting in odor avoidance of the group to the air zone on the left side.
The location and trajectory of each fly is indicated (black triangles and dashed
lines). (B) Collective avoidance arises from inter-fly touch-evoked walking
reactions or encounter responses in which a moving animal (bottom) touches a
stationary animal (top). (C) Touch-evoked walking trajectories are color-coded by
the leg (L1-3, R1-3) or wing (W) touched (>100 trajectories are overlaid). (D)
Touch-evoked walking reactions require mechanosensory sensilla neurons
located on the distal tarsal segments of the legs (bottom; green cell bodies).

elicit walking reactions from otherwise non-responsive flies by
touching their legs or wings (Fig. 2B). In groups of high enough
density, these newly activated animals would then interact with
other, sedentary animals. This led to a positive feedback cascade
and an en masse escape from the odor zone — an effect remarkably
similar to collective escape in fish schools (Rosenthal et al., 2015)
and human crowds (Helbing et al., 2000). Using an agent-based
computer simulation they found that suppressing inter-fly touch
responses — termed ‘encounter responses’ — could abolish in silico
collective behavior.

To test this in silico prediction in real animals, they next identified
genetic and neural pathways that convey inter-fly touch-mediated
encounter responses. First, they discovered that artificial mechanical
stimulation of flies with a metallic disk is sufficient to drive
encounter-response-like walking. Touch-evoked walking kinematics
depend on the appendage that was touched (Fig. 2B,C) in a manner
strikingly similar to the kinematics of inter-fly encounter responses
and reminiscent of escape behaviors in cockroaches (Schaefer et al.,
1994). This suggested that mechanosensing might be responsible for
encounter responses. Therefore, they performed a screen of candidate
mechanosensory genes to identify those responsible for relaying
tactile information to the nervous system. The authors discovered that
the gentle touch sensor, NOMPC (Yan et al., 2012), is required for
inter-fly encounter responses. Next, to identify mechanosensory
neural pathways that convey touch information from the sensory
periphery to the central nervous system, they performed a neural
inactivation screen. Mechanosensory sensilla neurons that decorate
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the tarsus, a distal region of the fly’s legs (Fig. 2D), were crucial for
encounter  responses.  Optogenetic  activation  of  these
mechanosensory neurons with light caused flies to produce
encounter-response-like walking.

Having identified an important role for the nompC gene and
mechanosensory sensilla neurons in eliciting encounter responses,
the authors next tested the prediction that encounter responses
would be crucial for collective odor avoidance. Indeed, they
observed that individuals in groups do not avoid the odor better than
isolated individuals for nompC mutants, or groups of flies with
silenced mechanosensory sensilla neurons. These results link
specific mechanosensory neurons and a mechanosensory gene to
D. melanogaster collective behavior.

Finally, to firmly establish a causal relationship between touch-
evoked walking and collective odor avoidance, Ramdya et al.
(2015) asked whether flies that were unable to sense the noxious
odorant could be herded out of the odor zone by interactions with
wild-type flies. To do this, they measured odor avoidance in
transgenic flies that were unable to smell the noxious odorant.
Although these flies exhibited almost no odor avoidance when
alone, they showed high odor avoidance when placed in groups with
normal, wild-type flies. This suggested that inter-fly touch is
sufficient to convey behaviorally relevant information from one
animal to another in a way resembling the physical interactions that
drive stampedes in human crowds (Helbing et al., 2000; Moussaid
etal., 2011).

Shared features of Drosophila group behaviors

These two studies (Ramdya et al., 2015; Schneider et al., 2012b)
illustrate how quantitative behavioral tracking and genetic tools can
be combined to identify neurogenetic pathways that sculpt the
dynamics of animal groups. Social networks and collective motion
likely represent intertwined facets of group behavior: networks
characterize relatively stable relationships between group members
while collective motion describes how these groups react to
powerful sensory cues or the spontaneous actions of individual
group members. Mechanistically, tactile and close-range gustatory
cues are both important for structuring social networks (Schneider
et al., 2012b), while tactile interactions alone appear to coordinate
collective actions (Ramdya et al., 2015). These studies highlight the
importance of touch in the social life of the fly, but they have only
begun to scratch the surface of how group-level behaviors are
orchestrated by the nervous system.

Individuality and the group

One of the most fascinating mysteries arising from these studies
concerns the origin of behavioral heterogeneity among group
members. In social networks, individuals can be more or less
connected within a group. The origins of these differences may be
intrinsic (e.g. due to innate tendencies) and/or extrinsic (e.g. due to
current location). Similarly, although the analysis of collective
behavior often assumes that each group member is interchangeable,
differences between individuals likely determine who will initiate a
cascade of group motion (Rosenthal et al., 2015). While it is
difficult to determine the extrinsic contributions to these
differences, measuring the contribution of innate tendencies can
give us an indirect estimate of social influences. This can be
accomplished by repeatedly testing specific individuals in different
group experiments. In principle, the requisite technologies exist:
one can repeatedly identify freely behaving animals based on
morphological features (Pérez-Escudero et al,, 2014) and
automatically pick and place them using robotic technologies that
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are currently under development (Savall et al., 2015). If individuals
exhibit reproducible roles in groups across multiple experiments,
bioinformatics approaches might then be used to identify the genetic
determinants of high network connectivity, or leadership in
collective motion.

Accident or intent

A thornier question relates to the ethological interpretation of
D. melanogaster group behaviors. It is tempting to treat flies like
simple automata that respond deterministically to short-time-scale
environmental and social cues. We know that the behaviors of even
simple robots can appear to be complex, motivated and intentional
(Braitenberg, 1986; Walter, 1950). This raises the question of to what
extent we can ascribe intentionality to interactions between
D. melanogaster group members as they build social networks and
participate in collective motion. These behaviors may simply be
epiphenomena that arise from random inter-fly interactions. We
would argue that, regardless of whether social networks and
collective behavior are intentional or accidental, if they play
significant, well-defined roles in the individual’s life, their
investigation offers useful insight into the social workings of the
fly. Although it is very difficult to directly interrogate the
intentionality of fly behavior, a suitable proxy might be found in
testing whether walking trajectories are enriched in social encounters
when compared with random null models or shuffled trajectories
(Schneider et al., 2012b). Additionally, one can use robots or artificial
flies (Agrawal et al., 2014; Zabala et al., 2012) to further identify and
manipulate key sensory features — hydrocarbon profiles, shapes,
colors and odors — that draw flies to one another, making group
behaviors possible (Bartelt et al., 1985; Lin et al., 2015).

As simple as possible, but not simpler

In the laboratory, there is an unavoidable trade-off between
achieving experimental control and preserving ecologically
relevant features. Both of the highlighted studies (Ramdya et al.,
2015; Schneider et al., 2012b) were performed in simple arenas,
raising the question of how group behaviors would differ in the fly’s
complex, natural environment. For example, in both studies, groups
consisted only of members of one sex. In the presence of both males
and females, courtship and mating behaviors would likely influence
SIN topologies. During courtship, male flies emit songs via wing
vibrations, tap and lick (Yamamoto and Koganezawa, 2013). The
presence of females may also incite aggression among males,
causing them to posture, lunge and box (Zwarts et al., 2012).
Therefore, it is likely that courting or fighting males would
transiently become tightly linked with courted females or sparring
partners in mixed-sex SINs. Courtship behaviors might also affect
and perhaps even diminish the initiation of collective motion by
habituating courted females and fighting males to tactile
stimulation. To wunderstand the influences of other social
interactions on group behaviors, one could track both individual
movements and ongoing social behaviors using machine-vision
tools such as JAABA (Kabra et al., 2012).

These two studies also made use of a relatively simple stimulus
space, although we know that Drosophila naturally aggregate on
food and oviposition sites (Shorrocks, 1972) rich in tactile, visual,
olfactory and gustatory cues. The effects of these other sensory
features on group behavior are difficult to anticipate; even in simple
laboratory environments, the structure of social networks and the
unfolding of collective motion are largely unpredictable (Ramdya
etal., 2015; Schneider et al., 2012b). For example, on the one hand,
touch-evoked encounter responses might be suppressed if a hungry

animal is grazing on a food patch. On the other hand, there might be
an increase in the likelihood of inter-fly encounters as animals are
mutually attracted to light (phototaxis), food odors (chemotaxis)
and edges (thigmotaxis). Similarly, steady-state sensory cues would
almost certainly sculpt social network topology by shifting the
distribution of animals in space. To address these influences of
these environmental cues on group social behaviors, animals
would have to be studied in more ethologically relevant arenas.
Visual occlusions could be overcome by tracking behavior using
multiple cameras (Straw et al., 2011). The importance of different
environmental cues could be determined using remote
thermogenetic silencing approaches to shut down sensory neurons
in freely behaving flies (Bath et al., 2014).

Conserved mechanisms and common approaches

As we embark on more and more complex studies of
D. melanogaster group behavior, one concern is to what extent
discoveries made in the fly can inform our understanding of other
classically social taxa such as ants, fish, birds and humans. There are
anumber of reasons to be optimistic. First, invertebrates share many
homologous genes and neural subtypes, making it likely that
mechanisms for D. melanogaster may have direct corollaries in
other invertebrates. For example, ants use antennation to
communicate with one another, a process that depends on both
tactile and chemosensory signaling (Holldobler, 1999). As
mentioned earlier, these two modalities are crucial for
D. melanogaster social network formation and collective behavior
(Ramdya et al., 2015; Schneider et al., 2012b). Similarly, in locusts,
tactile stimulation of the legs is responsible for the transition from
solitary to gregarious states, resulting in the formation of massive
collectively marching bands (Rogers et al., 2003; Simpson et al.,
2001). Touch interactions also direct the dynamics of dense human
crowds (Moussaid et al., 2011). It should be noted that even in cases
where the biological mechanisms for D. melanogaster do not
directly inform classic models of group behavior, the scientific
framework for cracking these problems is likely very similar.
Therefore, studies using flies can demonstrate how to deeply
investigate the neurogenetic mechanisms of group behavior in other
species when the requisite tools become available.

A measure of whether we have a clear picture of what drives
group dynamics will be whether we can predict how group
behaviors unfold under arbitrary biological and environmental
conditions. Because the underlying mechanisms range across
multiple scales — molecular to circuit-level to behavioral — making
such a prediction will require knowing the initial positions of each
individual, their long- and short-term behavioral tendencies, gene
expression levels, neural states, the make-up of the sensory
environment and inter-individual behavioral interaction rules.
However daunting the prospect of accumulating and making
sense of all of this data, the fruits of this labor promise to be
sweet: a deep understanding of group behavior in D. melanogaster
may provide a general framework for how coordinated brain activity
across many individuals gives rise to the fascinating behavioral
patterns of animal societies.
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