The official journal of the

ISBE

International Society for Behavioral Ecology

Behavioral
Ecology

Behavioral Ecology (2016), 27(3), 820-828. doi:10.1093/beheco/arv225

Original Article
Social behavior and activity are decoupled
larval and adult fruit flies

Blake B. Anderson, Andrew Scott, and Reuven Dukas
Animal Behaviour Group, Department of Psychology, Neuroscience & Behaviour, McMaster University,
1280 Main Street West, Hamilton, Ontario L8S 4K1, Canada

Received 28 August 2015; revised 3 November 2015; accepted 27 November 2015; Advance Access publication 26 December 2015.

The growing body of literature on social behavior in fruit flies opens up exciting opportunities for addressing an unresolved issue
involving the degree of correlation between behavioral traits in larvae and adults. Although the prevailing adaptive decoupling hypoth-
esis states that metamorphosis is associated with the disruption of genetic correlations between juvenile and adult traits, 2 alterna-
tive hypotheses are that, sometimes, a positive correlation may be adaptive, and that, often, the underlying genetic architecture will
prevent perfect decoupling. We used lines of the Drosophila Genetic Reference Panel to quantify the degree of sociality in larval and
adult fruit flies and then examined the correlation between the life stages. To verify that our social behavior scores did not merely
reflect variation in activity levels, we also quantified larval and adult activity. Although we found significant variation in social behavior
and activity among larvae and adults, both traits were decoupled between larvae and adults. Social behavior and activity were not
positively correlated within each life stage either. Although our results agree with the adaptive decoupling hypothesis, both ultimate
and proximate considerations suggest that, generally, we should expect the degree of decoupling to vary between species and traits.
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INTRODUCTION

Complex life cycles involving metamorphosis from larvae to adults
occur in the majority of animal phyla and about 80% of ani-
mal species (Werner 1988). The adaptive decoupling hypothesis,
made perhaps first by Haldane (1932), explains the prevalence of
complex life cycles by stating that antagonistic selection leads to
the disruption of genetic correlations between juvenile and adult
traits, which can then evolve independently via distinct develop-
mental programs (Ebenman 1992; Moran 1994). Although the
adaptive decoupling hypothesis is intuitively appealing and obvi-
ously agrees with the fact that larvae and adults are anatomically
and morphologically distinct, its relevance to behavior is not clear.
Theoretically, one can readily think of 2 equally attractive alter-
natives. First, at the ultimate level, it may actually be adaptive
for individuals to maintain similar behavioral phenotypes across
metamorphosis. In this case, selection on a certain behavioral trait
in larvae and adults will be facilitatory rather than antagonistic.
Second, at the proximate level, it is possible that the complex
genetic architecture that determines certain behaviors is resistant
to decoupling without negatively influencing the life stage where
it contributes most to fitness (Arnold 1990; Marshall and Morgan
2011; Aguirre et al. 2014).
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The limited empirical data on larval-adult genetic correlations
in behavior indeed provide no support for the adaptive decoupling
hypothesis. In tree frogs (Hyla regilla), larval and adult phases showed
positive genetic correlation in locomotor traits, perhaps because these
were correlated with measures of body size, which were positively
associated between phases (Watkins 2001). Similarly, even though
Wilson and Krause (2012b) predicted no correlation in behavioral
traits between tadpoles and juvenile lake frogs (Rana ridibunda) owing
to their distinct ecologies, they actually documented a positive cor-
relation in activity and exploration between the life stages. In damsel-
flies (Lestes congener), which undergo a transition similar to that of frogs
from aquatic to terrestrial life, activity and boldness were positively
correlated between larvae and adults (Brodin 2009). Finally, perhaps
the only relevant work in fruit flies (Drosophila melanogaster) suggests a
positive genetic correlation in behavior between larvae and adults.
The naturally occurring genetic polymorphism in the for gene affects
levels of exploration in the larvae (Sokolowski 1980; Osborne et al.
1997). Recent experiments indicate that the same for alleles also
determine parallel adult morphs with distinct tendencies to explore
(Edelsparre et al. 2014). Data on larval-adult genetic correlations in
nonbehavioral traits do not provide strong support for the adaptive
decoupling hypothesis either, with some agreeing with the prediction
whereas others indicating significant genetic correlations between
larval and adult traits (Loeschcke and Krebs 1996; Parichy 1998;
Crean et al. 2011; Fellous and Lazzaro 2011).
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Our focus is on the correlation in social behavior across meta-
morphosis, a topic that, as far as we know, has not been addressed
previously. Our study species is fruit flies, which are highly attrac-
tive owing to the numerous tools available for mechanistic and
evolutionary research in this species. It has been known for a long
time that adult fruit flies” aggregation is mediated by attraction to
cis-vaccenyl acetate, which males transfer to females during copula-
tion (Brieger and Butterworth 1970; Bartelt et al. 1985; Wertheim
et al. 2002). Recent research also indicates strong adult attraction
to volatiles emitted by larvae (Durisko, Anderson, et al. 20145 Venu
et al. 2014). Furthermore, social interactions synchronize flies’ cir-
cadian clock (Levine et al. 2002), influence decisions about egg lay-
ing (Sarin and Dukas 2009; Battesti et al. 2012) and mating (Krupp
et al. 2008; Mery et al. 2009; Billeter et al. 2012), and the com-
position of cuticular hydrocarbons (Kent et al. 2008; Krupp et al.
2008).

Although much of the research on fruit fly social behavior has
focused on the adult stage, recent work indicates elaborate social
interactions among larvae as well. The larvae show strong social
attraction to other larvae and learn to prefer odors previously asso-
ciated with other larvae (Durisko and Dukas 2013). Newly hatched
larvae actively seek each other and form social aggregations, which
enhance their ability to burrow into fruit (Durisko, Kemp, et al.
2014). Finally, wandering third instar larvae rely on odor cues to
form conspecific pupal aggregations (Beltrami et al. 2010; Del Pino
et al. 2014). The detailed data on social behavior in larval and adult
fruit flies open up exciting opportunities for examining the magni-
tude of genetic correlation in social behavior across metamorphosis
as well as its mechanistic and functional bases.

As with any other trait, one can predict adaptive decoupling of
social behavior given the distinct ecologies of larvae and adults.
One can, however, also predict adaptive coupling. For example,
assuming that larval densities are highly positively correlated with
adult densities, if a tendency to form social groups is beneficial
under both high larval densities and high adult densities, it can
be adaptive for fruit flies to possess a tight positive genetic correla-
tion between larval and adult social behavior. Finally, one can also
predict coupling owing to genetic constraints. Indeed the limited
literature on larval-adult correlations detailed above suggests that
coupling of behavioral and other traits, with no apparently adap-
tive explanation, does exist in a few of the species studied.

To assess the magnitude of genetic correlation in social behavior
between larval and adult fruit flies, we modified a protocol used to
quantify spontaneous social behavior in the larvae (Durisko, Kemp,
et al. 2014) to measure the tendency to form social groups in
both larvae and adults of isofemale lines of the Drosophila Genetic
Reference Panel (DGRP; Mackay et al. 2012). Because the DGRP
lines are fully sequenced, our methods and results provide a solid
foundation for further research on the genetic architecture underly-
ing social behavior across life stages, which will likely be relevant to
many animals given the remarkable genetic similarity among species
(Inlow and Restifo 2004; Bolduc and Tully 2009; van Alphen and
van Swinderen 2013; Rodriguez et al. 2013). Although our major
goal was to quantify the correlation in social behavior between
larvae and adults, we also wished to verify that social behavior is
not merely a by-product of activity levels. We thus also indepen-
dently assessed activity levels of individual larvae and adults. These
data also allowed us to test for the correlation between activity in
larvae and adults, which is of broad interest given that activity
has been measured in a large variety of species in the context of
behavioral syndromes (e.g., Watkins 2001; Brodin 2009; Wilson and
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Krause 2012a; Sih et al. 2014). Overall then, we addressed 5 ques-
tions. First, is there significant genetic variation in social behavior
in larval and adult fruit flies? Second, is there significant genetic
variation in activity in larval and adult fruit flies? Third, is social
behavior positively correlated with activity levels within larvae and
within adults? Fourth, is there a positive correlation in social behav-
ior between larvae and adults? Finally, is there a positive correlation
in activity between larvae and adults? Our questions are relevant
for the majority of animals, which undergo metamorphosis, as well
as for research addressing behavioral syndromes throughout animal
lives in other taxa including lizards, birds, and mammals (Arnold
1990; Class and Brommer 2015).

METHODS
General

We used 29 lines of fruit flies belonging to the DGRP (Mackay
et al. 2012). These isofemale lines were established from wild-type
gravid females from the Raleigh, North Caroline farmer’s market
in 2003, and inbred by 20 generations of full sibling mating, fol-
lowed by random mating. Although we initiated our work with 40
lines, we narrowed our focus to the 30 most robust lines and later
lost 1 line. We maintained flies at low densities in vials containing
5mL of standard food (1L of which contained 90-g sucrose, 75-g
cornmeal, 32-g yeast, 16-g agar, and 2-g methyl paraben) at 25 °C
and 60% relative humidity on a 12:12 light cycle with lights off at
10 PM. We conducted egg laying for experimental adults in vials
containing standard food and a sprinkle of live yeast. For our larval
experiments, we reared parental adult flies on an altered light cycle
with lights off at 1 PM, which placed peak egg laying at midday. We
collected eggs for experimental larvae in food vials without added
live yeast between 1 and 3 PM to minimize hatching asynchronies.
We removed excess eggs from the surface of all egg laying vials to
maintain similar densities across all vials.

To eliminate bias, we conducted all the data recording while
being blind to fly line. For video analysis, we used Python 2.7
(Python Software Foundation 2015) and OpenCV 2.4.11 (OpenCV
2015). We analyzed all data in R version 3.2 (R Core Team 2014)
using general linear mixed-effect models (Bates et al. 2014) and
parametric bootstrapping (with 1000 iterations) to test all relevant
random effects (R package pbkrtest; Halekoh and Hojsgaard 2014).
We report Wald y? for all fixed effects, and bootstrapped P values
for all tested random effects. To test for all correlations, both within
and between life stages, we performed linear regressions. I'inally, we
calculated broad sense heritability (/%) as the line variance/(line +
residual variance) (Falconer and Mackay 1996; Shorter et al. 2015).

Larval social behavior

One day after collecting eggs for experimental larvae, we placed
12 recently hatched larvae of the same line in the center of
each 35-mm Petri dish containing standard food, colored blue to
improve visibility. We stored dishes in complete darkness at 25 °C
and high (>75%) humidity for the duration of the experiment. As
a compromise between reducing temporal variation and potentially
interfering with larval behavior, we observed each group of larvae
under red light (650nm) at both 44- and 52-h posthatching (8 AM
and 4 PM), 2 time points corresponding to the late 2nd instar.
During observations, we overlaid a transparent 0.1cm? grid
across the top of the dish, and marked the locations of the larvae
on 1:1 scale grid paper. We then scanned the observation sheets
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and obtained the Cartesian coordinates of larvae using Image]
(Schneider, Rasband, et al. 2012). We used the distances between
larvae to calculate a nearest neighbor index for each dish. The
nearest neighbor index is a measure of distribution in space,
defined by the ratio between mean observed nearest neighbor dis-
tance and that expected by random chance at the given density.
Nearest neighbor indices range from 0, where all points occupy the
same region in space, to 2.15, representing a perfectly uniform dis-
tribution (Clark and Evans 19545 Krebs 1999). That is, highly social
larvae that form a tight group will have a small nearest neighbor
index, whereas nonsocial larvae that avoid each other will have a
large nearest neighbor index. Preliminary analyses indicated that
nearest neighbor indices were normally distributed. With a few
exceptions owing to insufficient number of hatchlings, we tested
30 dishes of larvae, up to 15 per day, from each genotype. We
excluded from our analysis dishes in which we found fewer than
8 larvae during either of our observations due to mortality, escape
from the dish, or burrowing. In total, we tested 851 groups of lar-
vae across 10 days. Our model included nearest neighbor index as
a dependent measure, time of observation as a repeated measure,
and genotype, day, and dish as random effects.

To assess the repeatability of our protocol in quantifying social
behavior, we performed a second test on larvae from the 6 geno-
types observed to have the lowest mean nearest neighbor indices
and the 6 genotypes with the highest mean nearest neighbor indices
during our first test. We tested up to 25 dishes of larvae from each
of the 12 lines, for a total of 281 dishes over 2 days. We analyzed
the data using a general linear mixed-effect model, which included
group (high or low social) and time of observation as fixed factors,
and genotype, day, and dish as random effects. We predicted that
larvae from the 6 lines identified in the first screening as being more
social would once again show lower mean nearest neighbor indices
than larvae from the 6 lines previously identified as being less social.

Larval activity

At 1 PM on the day following egg laying, we transferred groups of
20 recently hatched larvae from each of the 29 DGRP lines into
35-mm Petri dishes containing 8 mL of standard food so that larvae
developed at identical densities. We maintained experimental larvae
at high (75%) humidity, 25 °C, and on a 12-h photoperiod (with
lights on at 1 AM) until observations. We conducted all observations
between 8:30 AM (approximately 44-h posthatch) and 12:30 PM.
We transferred larvae individually into 35-mm experimental Petri
dishes containing standard food (colored black to improve visibility)
and placed up to 10 dishes at a time into one of 2 boxes (53cm
X 31em X 30cm; length X width X height). The boxes were uni-
formly illuminated by two 3-W LED bulbs suspended 37 cm above
the dishes on opposite sides of the box lid (35.5cm apart). Five
minutes after placing the larvae in the boxes, we video recorded
them with high-resolution webcams (Logitech C920) through a
hole in the center of each box lid. Video recording lasted 10min,
a duration long enough to capture movement, but short enough to
minimize larval burrowing into the food medium.

We integrated video frames over 0.5-s time windows to reduce
pixel variation prior to analysis, which consisted of calculating the
centroid coordinates of larvae at each time point, and partitioning
the cumulative distance traveled by each larva into 2-min bins. To
reduce noise, movement occurrences were only scored if the larvae
had moved more than 0.5mm from their previously recorded loca-
tions. We verified all automated analysis in real time while being
blind to larval line. We omitted data from 24 larvae that burrowed
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into the medium during the 10min of observation. In total, we col-
lected data from 497 larvae over a span of 2 days. We analyzed the
data with a general linear mixed-effect model with time of day and
day of observation as fixed effects, elapsed time as a repeated mea-
sure, and genotype, dish, and box all as random effects. We evalu-
ated the genotype contribution using parametric bootstrapping.

Adult social behavior

We collected experimental adults within 6h of eclosion, sexed them
under light CO, anesthetic, and placed them into mixed-sex vials con-
taining 14 males and 14 females. Approximately 70-h posteclosion, at
9 am, we briefly anesthetized experimental adults and placed groups
of 12 single-sex adults, either males or females, one group inside each
35-mm experimental Petri dish. These dishes contained 8 mL of stan-
dard food, with corn meal omitted to reduce the heterogeneity of the
food surface texture. The volume of food in each dish was sufficient to
minimize headspace, effectively constraining flies to 2 dimensions. We
left flies to acclimatize for 5h, after which we placed up to 10 dishes
into each of 6 boxes equipped with webcams identical to the boxes
used in the larval activity experiment. We allowed flies to acclimatize
for 30min and then video recorded them for 30min. We conducted
all observations during one of 2 test sessions, beginning at either 3:00
or 3:30 PM, with no more than a single group of males and females
from a single line being tested on the same day. In total, we collected
data from 823 dishes of flies, observed across 26 days.

Video analysis consisted of sampling single frames at 30-s inter-
vals, determining the Cartesian coordinates of each fly’s centroid,
and calculating nearest neighbor distances. Because the number of
visible individuals was always 12, we used the median nearest neigh-
bor distance as a measure of spatial distribution rather than comput-
ing a nearest neighbor index. The former measure was less variable
than the index because the average nearest neighbor measured for
the index was strongly influenced by highly mobile outlying individu-
als over short time scales. We corrected all automated video analy-
ses while being blind to fly line. To correct for body size differences
between the sexes, we measured the body length (anterior antennae
to posterior abdomen) and thorax width of a subset of 20 males and
20 females, calculated the diameter of an equivalent sized circle, and
subtracted this value from the median nearest neighbor distances of
both sexes (1.63 and 1.85mm for males and females, respectively).

We analyzed the data using a general linear mixed-effects model
with sex, time, Wolbachia infection status, and test session as fixed
effects. We added the Wolbachia as an independent factor because
recent data indicated that about half the DGRP lines are infected
by this bacterium (Huang et al. 2014), which may influence levels
of aggression (Rohrscheib et al. 2015). The Wolbachia infection
status for each DGRP line is reported by Huang et al. (2014). We
included day, box, and dish as simple scalar random effects and a
random effect of sex, varied by genotype, in our full model. We
then constructed 2 nested models in which sex was either reduced
to a simple scalar random effect of genotype or omitted entirely.
These nested models were sequentially compared using parametric
bootstrapping to test both the significance of the genotype by sex
interaction and the main effect of genotype.

Adult activity

Concurrent with our observations of adult social behavior, we
assayed the 29 DGRP lines for levels of activity, quantified as the
walking path length of single flies. We transferred flies individually
into 35-mm experimental Petri dishes. Four hours later, we placed
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up to 10 dishes in each of 6 boxes and allowed flies to acclimatize
for 30 min before video recording them for 30 min. We started all
observations at either 1:30 or 2:00 PM, with a maximum of a sin-
gle male and female from each line tested on the same day. Video
analysis was identical to the previous experiment, with the excep-
tion that we partitioned data into 5min bins to reduce the occur-
rence of zeros in the data set caused by minimally active flies.

We analyzed the data using a general linear mixed-effects model
with sex, Wolbachia infection status, and test session as fixed
effects and time as a repeated measure. As simple, scalar random
effects, we included day, box, and dish. Similar to the analysis of
adult social behavior, we included a random effect of sex varied
by genotype in our full model, which was compared with 2 nested
models in which this term was omitted or reduced to test for the
effect of genotype and its interaction with sex, respectively.

RESULTS
Larval social behavior

Larval nearest neighbor indices varied significantly by larval
genotype (range of mean nearest neighbor indices: 0.884-1.197;
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P < 0.01; Figure la), yet remained consistent between larvae tested
at 44- and 52-h posthatch (Wald %2, = 1.88, P = 0.17). When com-
paring nearest neighbor indices between the first and second tests,
the 6 lines initially identified as more social once again had signifi-
cantly lower nearest neighbor indices than the 6 lines initially iden-
tified as less social (Wald %, = 14.26, P < 0.001; Figure 1b). Finally,
the broad sense heritability of larval social behavior was 0.12.

Larval activity

A significant proportion of the variation in larval path length was
explained by genotype (P < 0.01; Figure lc). There was a weak but
significant decline in path length over the 10-min test (Wald % = 7.8,
P < 0.01). Additionally; activity increased steadily across the 4h of data
recording, peaking before the start of the dark period (Wald %% = 108.5,
P <0.001). Finally, the broad sense heritability of larval activity was 0.42.

Correlation between larval activity and social
behavior

Larval nearest neighbor indices were not significantly corre-
lated with larval activity (linear regression; F, 5; = 2.18, P = 0.15;
Figure 1d).
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Adult social behavior

Median nearest neighbor scores

respect to genotype (P < 0.01). Although there was no significant
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main effect of sex (Wald %2, = 2.91, P = 0.09), the interaction with
genotype was highly significant (P < 0.001; Figure 2a). There was
no significant change over time (Wald %2, = 0.59, P = 0.44) nor dif-
ference in scores with regards to either test session (Wald %, = 0.49,
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P = 0.48) or Wolbachia infection status (Wald y?, = 3.64, P = 0.06).
Finally, the broad sense heritability of adult social behavior was
0.04 in both males and females.

Adult activity

We found a significant main effect of genotype (P < 0.01) and sex
(Wald % = 4.83, P < 0.05), as well as a significant interaction
between the two (P < 0.01; Figure 2b). Overall, males displayed
more movement than females; however, the extent of this effect
varied across the 29 lines. Despite 30 min of acclimatization before
beginning data recording, there was a significant reduction in activ-
ity over time (Wald y?; = 226.09, P < 0.001), though there were no
differences in activity between the first and second testing session
(x?, = 2.20, P = 0.14). Lines infected by Wolbachia were less active
than uninfected lines (%, = 4.99, P < 0.05). Finally, the broad sense
heritability of adult activity was 0.70 in males and 0.53 in females.

Correlation between adult activity and social
behavior

Median nearest neighbor distances were not significantly corre-
lated with measures of activity for either male or female flies (linear
regression; Iy ; = 2.92, P=0.10 and F, ,; = 1.84, P=0.19, respec-
tively; Figure 2c).

Correlations between larvae and adults

We found no significant correlation between measures of aggre-
gation in larval and adult flies (linear regression; # = 0.05,
Fio; = 1.31, P = 0.26; Figure 3a), nor was there any significant
correlation in measures of activity between the 2 life stages (linear
regression; 7* = 0.02, F,y;, = 0.54, P = 0.47; Figure 3Db). Finally,
none of the correlations between larval and adult traits were sig-
nificant when considering adult males and females separately (all
P > 0.27). A power analysis (2 tailed, alpha = 0.05, beta = 0.20)
revealed that our experimental design would allow one to reveal
significant correlations for 7 > 0.24 (Cohen 1988).

DISCUSSION

Our major findings were that there is a large genetic variation in
both social behavior and activity in larval and adult fruit flies, that
social behavior and activity are not positively correlated in either
life stage, and that neither social behavior nor activity is coupled
between larvae and adults. We discuss these findings in turn.

Genetic variation in social behavior

There has recently been increased interest in establishing simple
model systems for research on the mechanisms and evolution of
social behavior (Robinson et al. 2008; Sokolowski 2010). Our data,
which indicate large genetic variation in social behavior in both lar-
val and adult fruit flies (Iigures la and 2a), further the establish-
ment of fruit flies as a valuable model system in such research effort.
Genetic variation in some aspects of social behavior has been docu-
mented in several species. In fruit flies, adult males from 5 distinct
crosses of DGRP lines varied in their tendencies to join mixed-sex
groups of different sizes (Saltz 2011). In the nematode Caenorhabditis
elegans, naturally occurring morphs feed either alone or in groups.
This difference in social behavior is determined by variation in the
npr-1 gene (de Bono and Bargmann 1998). In bees, the extensive
work on the genetics of sociality has revealed a set of just over 200
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genes that are shared by all the eusocial lineages studied (Woodard
et al. 2011). In a variety of vertebrates, the neuropeptides oxytocin
and arginine vasopressin modulate social behavior. Genetic varia-
tion in the ayprla gene, which encodes one of the arginine vasopres-
sin receptor subtypes, has been linked to variation in pair-bonding
behavior in both voles and humans (Young et al. 1999; Donaldson
and Young 2008; Walum et al. 2008; Ebstein et al. 2010). Although
the work on the genetics of social behavior involves a variety of
species (Hofmann et al. 2014), the establishment of robust proto-
cols for quantifying social behavior in fruit flies can contribute to
the overall research effort given the prevalence of tools available for
fruit fly research across a multitude of disciplines from genetics and
neurobiology to ecology and evolution.

Both larvae and adults of the DGRP genotypes that we tested
showed a wide variation in their social tendencies as one would
expect for a polygenic trait (Falconer and Mackay 1996). In the lar-
vae, we found highly consistent variation in social scores between
genotypes in distinct larval ages and in 2 experiments (Figure 1b).
This is in spite of the variation caused by the dynamic nature
of larval grouping (see Figure 1 in Durisko, Kemp, et al. 2014).
Limited data we have for the adults also indicate high repeatabil-
ity. In the adults, we found a highly significant interaction between
sex and genotype (Figure 2a). In over half the lines we tested, the
males were clearly less social than the females. This was expected
given the antagonistic interactions among males in the context of
their resource defense mating system (Hoffmann 1987; Chen et al.
2002; Saltz and Foley 2011; Baxter et al. 2015). Surprisingly, how-
ever, females were clearly less social than males in about one-third
of the lines. This result deserves further mechanistic and functional
Investigations.

To quantify the degree of sociality between genotypes, we relied
on the nearest neighbor index (Clark and Evans 1954). This index
and similar measures have been instrumental in measuring social
coherence in numerous enlightening studies of sociality in many
species (White and Chapman 1994; Fischhoff et al. 2007; Evans
and Harris 2008; Fero and Moore 2008; Grinblatt et al. 2008; Buijs
et al. 2011). The main advantage of directly quantifying a major
characteristic of the social group is that it reflects the outcome of
social interactions among its members, which, in our study, were
genetically identical. Hence, this group measure provides us with
a comprehensive and objective measure for comparisons among
genotypes and between life stages. Because an individual’s social
phenotype is determined by a variety of cues as well as interactions
with other individuals, we are unlikely to have a satisfactory socia-
bility score if we only focus on either a single cue or one sensory
modality. Furthermore, such a narrow focus would prevent us from
comparing between larvae and adults, which possess distinct sen-
sory abilities and preferences. Nevertheless, it is clear that a com-
plete characterization of social behavior in any species can benefit
from a multitude of approaches.

The simplest explanation for the apparent grouping of individu-
als 1s individual attraction to a single specific site with preferred
features such as temperature, moisture, shelter, food, or microbial
composition. We critically tested and rejected this alternative in our
previous work with larvae (Durisko, Kemp, et al. 2014), and our
current protocol further reduces the possibility for such biases due
to the switch from square to circular arenas, eliminating any irregu-
larities caused by corners, as well as the replacement of our quadrat
analysis with a continuous index. Furthermore, several controlled
experiments indicated strong larval tendencies to join others, and
larval learned preference to cues previously associated with others
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(Durisko and Dukas 2013; Venu et al. 2014). Similarly, social attrac-
tion and interactions in the adults have been documented with dis-
tinct protocols in our (Sarin and Dukas 2009; Durisko, Anderson,
et al. 2014) as well as a few other laboratories (Bartelt et al. 1985;
Wertheim et al. 2006; Saltz 2011; Battesti et al. 2012; Schneider,
Dickinson, et al. 2012; Simon et al. 2012).

Genetic variation in activity does not explain
genetic variation in social behavior

Our major goal was to verify that our measure of social behav-
ior was not merely an artifact of variation in levels of activity.
For example, one could imagine that low activity individuals just
remained at the center of the Petri dish where we initially placed
them and thus appeared highly social, whereas highly active indi-
viduals dispersed randomly and hence looked nonsocial. Although
we found large genetic variation in activity in both larvae and
adults (Figures lc and 2b), it was not positively associated with our
measures of social behavior (Iigures 1d and 2c). This finding sub-
stantiates our measure of social behavior as well as our use of the
DGRP lines, which, although derived from wild flies, are inbred
and thus could theoretically be inferior in their activity. We should
note, however, that we tested only 72.5% of the lines we had ini-
tially received, and probably dropped all the weak lines. That is,
even though we found no correlation between activity and social
behavior, we think that activity should be measured along with
the behavioral measure of interest in future studies because it may
explain significant variation in traits such as mating success and
aggression. Indeed such positive correlations between activity and
other behaviors have been reported in other species. For example,
in lake frogs, more active individuals were also more exploratory
and bolder (Wilson and Krause 2012b). Similarly, in male water
striders (Aquarius remiges), there was a positive association between
activity, aggressiveness, and mating success (Sih et al. 2014).

In the adults, we found a highly significant interaction between
sex and genotype (Figure 2b). Although males were clearly more
active than females in over half the lines, females were more active
than males in several genotypes. We expected males to be more
active than females because they are the active sex when it comes
to both resource defense polygyny (Emlen and Oring 1977; Baxter
et al. 2015) and courtship. The intriguing information that females

are more active than males in some genotypes deserves further
research.

Finally, it is notable that our broad sense heritability estimates for
social behavior (0.12 and 0.04 for larvae and adults, respectively)
were much smaller than those for activity (0.42 and 0.62 for larvae
and adults, respectively). The most likely explanation for this differ-
ence is that social behavior is the product of previous and current
interactions among individuals. Hence, we would expect a strong
environmental effect. In contrast, activity measured on isolated
individuals can more strongly indicate consistent inherent individ-
ual propensities.

Larval and adult social behavior and activity are
decoupled

Both social behavior and activity varied independently in larval and
adult fruit flies (Figure 3). This outcome agrees with the adaptive
decoupling hypothesis, which posits that antagonistic selection on
larvae and adults has led to minimization of the genetic correlations
between these life stages (Haldane 1932; Ebenman 1992; Moran
1994). By definition, metamorphosis implies an abrupt change in
anatomy and morphology. This dramatic transformation indicates
a large degree of decoupling between structural traits in larvae and
adults. The case is less clear, however, for traits that are not easily
observable such as physiology and behavior. As noted in the intro-
duction, from an ultimate standpoint, one can readily invoke the
adaptive coupling hypothesis, which states that the same character-
istic may be equally beneficial in larvae and adults. Second, from
a proximate perspective, the genetic architecture underlying cer-
tain traits may be too complex for allowing perfect decoupling. For
example, adult male aggression is influenced by a large proportion
of the genome and is affected by extensive epistasis and pleiotropy
(Zwarts et al. 2011; Anholt and Mackay 2012; Shorter et al. 2015).
This complexity might limit the degree of decoupling.

A growing body of literature indeed indicates imperfect decou-
pling between larvae and adults though it is not yet clear to what
degree this reflects adaptation or constraint (Marshall and Morgan
2011). In the ascidian Ciona intestinalis, about 20% of the genes
are similarly expressed in the larval and adult stages (Azumi et al.
2007). Furthermore, a genetic association between pre- and post-
metamorphic viability has been documented in this species (Aguirre
et al. 2014). Finally, at least 2 artificial selection experiments on
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adult fruit flies had significant effects on larval traits. First, larval
developmental rate was significantly lower in lines selected for late
than for early-life fertility (Chippindale et al. 1994). Second, larval
competitive ability was lower in lines selected for enhanced learning
ability in the adults than in control lines (Mery and Kawecki 2003).

In conclusion, our results, which indicate decoupling of 2 cen-
tral behavioral traits, social behavior and activity, between larvae
and adults, agree with the adaptive decoupling hypothesis. Overall,
though, the data from all studies to date detailed above and in
the introduction suggest a mixture of coupling and decoupling of
behavioral traits from larvae to adults. Theoretically, such a mix is
actually predicted from both ultimate and proximate viewpoints.
We thus suggest that future studies will be inclusive in addressing
the 4 complementary hypotheses of adaptive decoupling as well as
adaptive coupling, the genetic decoupling necessary for the devel-
opment of 2 distinct life forms as well as the inherent genetic con-
straints underlying organismal complexity.

FUNDING

This work was supported by the Natural Sciences and Engineering
Research Council of Canada, Canada Foundation for Innovation,
and Ontario Ministry of Research and Innovation.

We thank A.R. Campos, I. Dworkin, and 2 anonymous referees for sugges-
tions and comments and C. Baxter, I. Shams, M. Campbell, and J. Legere
for assistance.

Handling editor: Paco Garcia-Gonzalez

REFERENCES

Aguirre JD, Blows MW, Marshall DJ. 2014. The genetic covariance
between life cycle stages separated by metamorphosis. Proc Biol Sci.
281:20141091.

van Alphen B, van Swinderen B. 2013. Drosophila strategies to study psychi-
atric disorders. Brain Res Bull. 92:1-11.

Anholt RR, Mackay TF. 2012. Genetics of aggression. Annu Rev Genet.
46:145-164.

Arnold S. 1990. Inheritance and the evolution of behavioral ontog-
enies. In: Hahn ME, Hewitt JK, Henderson ND, Benno RH, editors.
Developmental behavior genetics: neural, biometrical, and evolutionary
approaches. Oxford: Oxford University Press. p. 167-189.

Azumi K, Sabau SV, Fujie M, Usami I, Koyanagi R, Kawashima T,
Fujiwara S, Ogasawara M, Satake M, Nonaka M, et al. 2007. Gene
expression profile during the life cycle of the urochordate Ciona intestinalis.
Dev Biol. 308:572-582.

Bartelt RJ, Schaner AM, Jackson LL. 1985. cis-vaccenyl acetate as
an aggregation pheromone in Drosophila melanogaster. ] Chem Ecol.
11:1747-1756.

Bates D, Maechler M, Bolker B, Walker S. 2014. Ime4: linear mixed-effects
models using Eigen and S4. R package version 1.1-10. Available from:
http://CRAN.R-project.org/package=lme4.

Battesti M, Moreno C, Joly D, Mery E. 2012. Spread of social information
and dynamics of social transmission within Drosophila groups. Curr Biol.
22:309-313.

Baxter CM, Barnett R, Dukas R. 2015. Aggression, mate guarding, and fit-
ness in male fruit flies. Anim Behav. 109:235-241.

Beltrami M, Medina-Mufioz MC, Arce D, Godoy-Herrera R. 2010.
Drosophila pupation behavior in the wild. Evol Ecol. 24:347-358.

Billeter JC, Jagadeesh S, Stepek N, Azanchi R, Levine JD. 2012. Drosophila
melanogaster females change mating behaviour and offspring production
based on social context. Proc Biol Sci. 279:2417-2425.

Bolduc FV, Tully T. 2009. Fruit flies and intellectual disability. Fly (Austin).
3:91-104.

de Bono M, Bargmann CI. 1998. Natural variation in a neuropeptide Y
receptor homolog modifies social behavior and food response in C. ele-

gans. Cell. 94:679-689.

827

Brieger G, Butterworth FM. 1970. Drosophila melanogaster: identity of male
lipid in reproductive system. Science. 167:1262.

Brodin T. 2009. Behavioral syndrome over the boundaries of life—carry-
overs from larvae to adult damselfly. Behav Ecol. 20:30-37.

Buijs S, Keeling LJ, Vangestel C, Baert ], Vangeyte J, Tuyttens FA. 2011.
Assessing attraction or avoidance between rabbits: comparison of
distance-based methods to analyse spatial distribution. Anim behav.
82:1235-1243.

Chen S, Lee AY, Bowens NM, Huber R, Kravitz EA. 2002. Fighting fruit
flies: a model system for the study of aggression. Proc Natl Acad Sci
USA. 99:5664-5668.

Chippindale AK, Hoang DT, Service PM, Rose MR. 1994. The evolution
of development in Drosophila melanogaster selected for postponed senes-
cence. Evolution. 48:1880-1899.

Clark PJ, Evans FC. 1954. Distance to nearest neighbor as a measure of
spatial relationships in populations. Ecology. 35:445-453.

Class B, Brommer JE. 2015. A strong genetic correlation underlying a
behavioural syndrome disappears during development because of geno-
type—age interactions. Proc Biol Sci. 282:20142777.

Cohen J. 1988. Statistical power analysis for the behavioral sciences. 2nd ed.
Hillsdale (NJ): Erlbaum.

Crean AJ, Monro K, Marshall DJ. 2011. Fitness consequences of larval
traits persist across the metamorphic boundary. Evolution. 65:3079-3089.

Del Pino I Jara C, Pino L, Godoy-Herrera R. 2014. The neuro-ecology of
Drosophila pupation behavior. PLoS One. 9:¢102159.

Donaldson ZR, Young I]J. 2008. Oxytocin, vasopressin, and the neuroge-
netics of sociality. Science. 322:900-904.

Durisko Z, Anderson B, Dukas R. 2014. Adult fruit fly attraction to
larvae biases experience and mediates social learning. J Exp Biol.
217:1193-1197.

Durisko Z, Dukas R. 2013. Attraction to and learning from social cues in
fruit fly larvae. Proc Biol Sci. 280:20131398.

Durisko Z, Kemp B, Mubasher A, Dukas R. 2014. Dynamics of social
interactions in fruit fly larvae. PLoS One. 9:¢95495.

Ebenman B. 1992. Evolution in organisms that change their niches during
the life cycle. Am Nat. 139:990-1021.

Ebstein RP, Israel S, Chew SH, Zhong S, Knafo A. 2010. Genetics of
human social behavior. Neuron. 65:831-844.

Edelsparre AH, Vesterberg A, Lim JH, Anwari M, Fitzpatrick MJ. 2014.
Alleles underlying larval foraging behaviour influence adult dispersal in
nature. Ecol Lett. 17:333-339.

Emlen ST, Oring LW. 1977. Ecology, sexual selection, and the evolution of
mating systems. Science. 197:215-223.

Evans KE, Harris S. 2008. Adolescence in male African elephants, Loxodonta
africana, and the importance of sociality. Anim Behav. 76:779-787.

Falconer DS, Mackay TFC. 1996. Introduction to quantitative genetics. 4th
ed. New York: Benjamin Cummings.

Fellous S, Lazzaro BP. 2011. Potential for evolutionary coupling and
decoupling of larval and adult immune gene expression. Mol Ecol.
20:1558-1567.

Fero K, Moore PA. 2008. Social spacing of crayfish in natural habitats:
what role does dominance play? Behav Ecol Sociobiol. 62:1119-1125.
Fischhoft IR, Sundaresan SR, Cordingley J, Larkin HM, Sellier M-],
Rubenstein DI. 2007. Social relationships and reproductive state influ-
ence leadership roles in movements of plains zebra, Equus burchellii. Anim

Behav. 73:825-831.

Grinblatt M, Keloharju M, Ikiheimo S. 2008. Social influence and con-
sumption: evidence from the automobile purchases of neighbors. Rev
Econ Stat. 90:735-753.

Haldane JBS. 1932. The time of action of genes, and its bearing on some
evolutionary problems. Am Nat. 66:5-24.

Halekoh U, Hojsgaard S. 2014. A Kenward-Roger approximation and
parametric bootstrap methods for tests in linear mixed models—the R
package pbkrtest. J Stat Softw. 59:1-32.

Hoffmann AA. 1987. Territorial encounters between Drosophila males of dif-
ferent sizes. Anim Behav. 35:1899-1901.

Hofmann HA, Beery AK, Blumstein DT, Couzin ID, Earley RL, Hayes LD,
Hurd PL, Lacey EA, Phelps SM, Solomon NG, et al. 2014. An evolution-
ary framework for studying mechanisms of social behavior. Trends Ecol
Evol. 29:581-589.

Huang W, Massouras A, Inoue Y, Peiffer ], Ramia M, Tarone AM, Turlapati
L, Zichner T, Zhu D, Lyman REF et al. 2014. Natural variation in genome
architecture among 205 Drosophila melanogaster Genetic Reference Panel
lines. Genome Res. 24:1193-1208.

9T0Z ‘TT Ae|A Uo Areiqi] AiseAlUN BISENOIN e /Blo'sfeuinolploxo-osaysg//:dny wou papeojumoq


http://CRAN.R-project.org/package=lme4
http://beheco.oxfordjournals.org/

828

Inlow JK, Restifo LL. 2004. Molecular and comparative genetics of mental
retardation. Genetics. 166:835-881.

Kent C, Azanchi R, Smith B, Formosa A, Levine JD. 2008. Social context
influences chemical communication in D. melanogaster males. Curr Biol.
18:1384-1389.

Krebs CJ. 1999. Ecological methodology. 2nd ed. Menlo Park (CA):
Addison-Wesley:

Krupp JJ, Kent C, Billeter JC, Azanchi R, So AK, Schonfeld JA, Smith
BP, Lucas C, Levine JD. 2008. Social experience modifies pheromone
expression and mating behavior in male Drosophila melanogaster. Curr Biol.
18:1373-1383.

Levine JD, Funes P, Dowse HB, Hall JC. 2002. Resetting the circa-
dian clock by social experience in Drosophila melanogaster. Science.
298:2010-2012.

Loeschcke V, Krebs RA. 1996. Selection for heat-shock resistance in larval
and in adult Drosophila buzzati: comparing direct and indirect responses.
Evolution. 50:2354-2359.

Mackay TE, Richards S, Stone EA, Barbadilla A, Ayroles JE, Zhu D, Casillas
S, Han Y, Magwire MM, Cridland JM, et al. 2012. The Drosophila melano-
gaster Genetic Reference Panel. Nature. 482:173-178.

Marshall DJ, Morgan SG. 2011. Ecological and evolutionary consequences
of linked life-history stages in the sea. Curr Biol. 21:R718-R725.

Mery E Kawecki TJ. 2003. A fitness cost of learning ability in Drosophila
melanogaster. Proc Biol Sci. 270:2465-2469.

Mery E Varela SA, Danchin E, Blanchet S, Parejo D, Coolen I, Wagner
RH. 2009. Public versus personal information for mate copying in an
invertebrate. Curr Biol. 19:730-734.

Moran NA. 1994. Adaptation and constraint in the complex life cycles of
animals. Annu Rev Ecol Syst. 25:573-600.

OpenCV. 2015. Open Source Computer Vision Library Version 2.4.11.
Available from: http://opencv.org.

Osborne KA, Robichon A, Burgess E, Butland S, Shaw RA, Coulthard
A, Pereira HS, Greenspan R]J, Sokolowski MB. 1997. Natural behavior
polymorphism due to a cGMP-dependent protein kinase of Drosophila.
Science. 277:834-836.

Parichy DM. 1998. Experimental analysis of character coupling across a
complex life cycle: pigment pattern metamorphosis in the tiger salaman-
der, Ambystoma tigrinum tigrinum. ] Morphol. 237:53-67.

Python Software Foundation. 2015. The Python language reference.
Available from: https://www.python.org/.

R Core Team. 2014. R: a language and environment for statistical comput-
ing. Vienna (Austria): R Foundation for Statistical Computing. Available
from: http://wwwR-projectorg.

Robinson GE, Fernald RD, Clayton DF. 2008. Genes and social behavior.
Science. 322:896-900.

Rodriguez M, Snock LB, De Bono M, Kammenga JE. 2013. Worms under
stress: C. elegans stress response and its relevance to complex human dis-
case and aging. Trends Genet. 29:367-374.

Rohrscheib CE, Bondy E, Josh P, Riegler M, Eyles D, van Swinderen B,
Weible MW 2nd, Brownlie JC. 2015. Wolbachia influences the produc-
tion of octopamine and affects Drosophila male aggression. Appl Environ
Microbiol. 81:4573-4580.

Saltz JB. 2011. Natural genetic variation in social environment choice:
context-dependent gene-environment correlation in Drosophila melanogaster.
Evolution. 65:2325-2334.

Saltz JB, Foley BR. 2011. Natural genetic variation in social niche con-
struction: social effects of aggression drive disruptive sexual selection in
Drosophila melanogaster. Am Nat. 177:645-654.

Behavioral Ecology

Sarin S, Dukas R. 2009. Social learning about egg laying substrates in fruit
flies. Proc Biol Sci. 276:4323-4328.

Schneider J, Dickinson MH, Levine JD. 2012. Social structures depend on
innate determinants and chemosensory processing in Drosophila. Proc Natl
Acad Sci USA. 109(Suppl 2):17174-17179.

Schneider CA, Rasband WS, Eliceiri KW. 2012. NIH Image to Image]:
25 years of image analysis. Nat Methods. 9:671-675.

Shorter J, Couch C, Huang W, Carbone MA, Peiffer ], Anholt RR,
Mackay TF. 2015. Genetic architecture of natural variation in
Drosophila melanogaster aggressive behavior. Proc Natl Acad Sci USA.
112:E3555-E3563.

Sih A, Chang AT, Wey TW. 2014. Effects of behavioural type, social skill
and the social environment on male mating success in water striders.
Anim Behav. 94:9-17.

Simon AF, Chou M'T; Salazar ED, Nicholson T, Saini N, Metchev S, Krantz
DE. 2012. A simple assay to study social behavior in Drosophila: measure-
ment of social space within a group. Genes Brain Behav. 11:243-252.

Sokolowski MB. 1980. Foraging strategies of Drosophila melanogaster: a chro-
mosomal analysis. Behav Genet. 10:291-302.

Sokolowski MB. 2010. Social interactions in “simple” model systems.
Neuron. 65:780-794.

Venu I, Durisko Z, Xu J, Dukas R. 2014. Social attraction mediated by fruit
flies’ microbiome. J Exp Biol. 217:1346-1352.

Walum H, Westberg L, Henningsson S, Neiderhiser JM, Reiss D, Igl
W, Ganiban JM, Spotts EL, Pedersen NL, Eriksson E, et al. 2008.
Genetic variation in the vasopressin receptor la gene (AVPRIA) associ-
ates with pair-bonding behavior in humans. Proc Natl Acad Sci USA.
105:14153-14156.

Watkins TB. 2001. A quantitative genetic test of adaptive decoupling across
metamorphosis for locomotor and life-history traits in the pacific tree
frog, Hyla regilla. Evolution. 55:1668-1677.

Werner EE. 1988. Size, scaling, and the evolution of complex life cycles. In:
Ebenman B, Persson L, editors. Size-structured populations: ecology and
evolution. Berlin (Germany): Springer. p. 60-81.

Wertheim B, Allemand R, Vet LEM, Dicke M. 2006. Effects of aggregation
pheromone on individual behaviour and food web interactions: a field
study on Drosophila. Ecol Entomol. 31:216-226.

Wertheim B, Dicke M, Vet LEM. 2002. Behavioural plasticity in support
of a benefit for aggregation pheromone use in Drosophila melanogaster.
Entomol Exp Appl. 103:61-71.

White FJ, Chapman CA. 1994. Contrasting chimpanzees and bonobos: near-
est neighbor distances and choices. Folia Primatol (Basel). 63:181-191.

Wilson ADM, Krause J. 2012a. Metamorphosis and animal personality: a
neglected opportunity. Trends Ecol Evol. 27:529-531.

Wilson ADM, Krause J. 2012b. Personality and metamorphosis: is behav-
ioral variation consistent across ontogenetic niche shifts? Behav Ecol.
23:1316-1323.

Woodard SH, Fischman BJ, Venkat A, Hudson ME, Varala K,
Cameron SA, Clark AG, Robinson GE. 2011. Genes involved in con-
vergent evolution of eusociality in bees. Proc Natl Acad Sci USA.
108:7472-7477.

Young LJ, Nilsen R, Waymire KG, MacGregor GR, Insel TR. 1999.
Increased affiliative response to vasopressin in mice expressing the Vla
receptor from a monogamous vole. Nature. 400:766-768.

Zwarts L, Magwire MM, Carbone MA, Versteven M, Herteleer L,
Anholt RR, Callaerts P, Mackay TFE 2011. Complex genetic archi-
tecture of Drosophila aggressive behavior. Proc Natl Acad Sci USA.
108:17070-17075.

9T0Z ‘TT Ae|A Uo Areiqi] AiseAlUN BISENOIN e /Blo'sfeuinolploxo-osaysg//:dny wou papeojumoq


http://opencv.org
https://www.python.org/. 
http://wwwR-projectorg
http://beheco.oxfordjournals.org/

