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Summary

Although descriptions of striking diversity in animal

behavior are plentiful, little is known about the mechanisms
by which behaviors change and evolve between groups. To

fully understand behavioral evolution, it will be necessary
to identify the genetic mechanisms that mediate behavioral

change in a natural context [1–3]. Genetic analysis of
behavior can also reveal associations between behavior

and morphological or neural phenotypes, providing insight
into the proximate mechanisms that control behavior. Rela-

tively few studies to date have successfully identified genes
or genomic regions that contribute to behavioral variation

among natural populations or species [2], particularly in
vertebrates [4–8]. Here, we apply genetic approaches to

dissect a complex social behavior that has long fascinated
biologists, schooling behavior [9–13]. We performed quan-

titative trait locus (QTL) analysis of schooling in an F2

intercross between strongly schooling marine and weakly
schooling benthic sticklebacks (Gasterosteus aculeatus)

and found that distinct genetic modules control different
aspects of schooling behavior. Two key components of the

behavior, tendency to school and body position when
schooling, are uncorrelated in hybrids and map to different

genomic regions. Our results further point to a genetic link
between one behavioral component, schooling position,

and variation in the neurosensory lateral line.
Results and Discussion

To dissect the genetic contributions to the evolution of
behavior, we focused on schooling, a complex social behavior
that is representative of social grouping behaviors seen
throughout the animal kingdom. Social grouping provides
several key benefits, but it also has associated costs, so
the frequency of schooling varies with ecological context
[11, 13–15]. We previously developed an assay that utilizes a
school of model sticklebacks to reliably elicit divergent
schooling behavior between two populations of threespine
sticklebacks from distinct habitats. In this assay, lab-raised
marine sticklebacks from the Pacific Ocean in Hokkaido,
Japan school very strongly, but lab-raised benthic stickle-
backs from Paxton Lake in British Columbia, Canada show
dramatically reduced schooling behavior [16] (Figures 1A
3These authors contributed equally to this work
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and 1B). Differences in measures such as time spent with the
models and latency to approach the models suggest that
marine and benthic sticklebacks differ in their social attraction
or tendency to behave socially (Figure 1A). Social attraction is
a central feature of two types of collective behavior in fish:
shoaling and schooling [13, 17]. Shoals are defined exclusively
by social attraction, but for a group to be recognized as a
school, individuals must also maintain a coordinated body
position with their schoolmates, displaying polarized orienta-
tion and synchronized movement [17, 18]. In our assay, marine
fish assume a relatively parallel orientation with the models,
whereas benthic sticklebacks that follow the school do so
with a significantly less parallel orientation (Figure 1B).
Because the positions of the models are fixed relative to one
another, our assay also permits measurement of the preferred
schooling position of the fish among the models, showing
that benthic and marine fish assume distinct positions
(as assessed by head position) within the model school
(Figure 1B).
Thus, the model school assay enables quantification of

the two fundamental components of schooling: schooling
tendency (comprising time schooling, latency to school,
and number of schooling bouts) and schooling position
(comprising body orientation and head position).We predicted
that because shoals can exist independent of schools [13, 17],
these two aspects of schooling behavior would be separable
and controlled by distinct genetic modules.

Schooling Behavior Comprises Two Genetically Separable

Behavioral Components
We first investigated the modularity of schooling behavior
by evaluating phenotypic correlations among 229 benthic-
marine F2 hybrids that were tested in the model school assay
(Supplemental Experimental Procedures available online).
These F2 hybrids expressed a wide range of schooling beha-
viors (Figure S1) and revealed that the two key features of
schooling behavior were indeed genetically separable. Param-
eters reflecting social attraction or tendency of the fish to
school were correlated with one another: time spent schooling
was strongly correlated with the latency to join the school and
the number of schooling bouts (Figure 1C) (time and latency:
Spearman’s rho = 20.477, p < 0.0001; time and bouts: rho =
20.519, p < 0.0001). It is important to note that some of these
variables are in part definitionally correlated. For example,
latency to school necessarily sets an upper limit on total time
spent schooling, although it does not solely dictate the dura-
tion of schooling. Variables measuring schooling position
were also correlated with one another (Figure 1C): the average
body orientation was strongly correlated with the average x
and y position of the head relative to the models (orientation
and head x position: rho = 0.582, p < 0.0001; orientation and
head y position: rho = 0.683, p < 0.0001). Importantly, mea-
sures of schooling position were not strongly correlated with
measures of schooling tendency. Most tendency and position
variables were not significantly correlated (p > 0.05), with the
exception of weak correlations between head y position and
both latency (rho = 20.254, p < 0.01) and time schooling
(rho = 0.202, p < 0.05). The lack of strong correlation in the
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Figure 1. Schooling Tendency and Schooling

Position Are Separable Features of Schooling

Behavior

(A) Raster plots depicting differences in

schooling tendency of typical marine and

benthic sticklebacks tested in the model school

assay. This assay uses a school of eight model

sticklebacks that are positioned and moved

to mimic schools of live fish (Supplemental

Experimental Procedures). Bars represent

schooling episodes (bouts) as a function of time

for a random sample of six lab-raised fish

from each population [16]. Marine fish have a

shorter latency to school and spend more time

schooling [16].

(B) Schematic depicting differences in average

body orientation and head position of marine

and benthic fish when following the model

school, based on data from [16]. Open silhou-

ettes represent positions of the model stickle-

backs. Marine fish (black silhouette) have a

significantly more parallel body orientation

than benthic fish (red silhouette). The scale bar

represents 1 cm.

(C) Heatmap showing strength of correlations between schooling variables in benthic-marine F2 hybrids. Measures of schooling tendency are not

strongly correlated with measures of schooling position in F2 hybrids.

See also Figure S1.
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F2 hybrids suggests a separable genetic basis for these
behavioral components.

We next asked whether common or disparate genomic re-
gions control schooling tendency versus schooling position.
To identify regions of the genome associated with different
schooling parameters, we subjected the same benthic-marine
F2 individuals to quantitative trait locus (QTL) analysis
(Supplemental Experimental Procedures). Fish were geno-
typed using single-nucleotide polymorphism (SNP) markers
that spanned the genome [19, 20].We identified two significant
QTL that were associated with measures of schooling position
(Figure 2; Table 1). Both body orientation and head x position
mapped to the same region on linkage group 4 (LG4), and
body orientation was also linked to a region on LG17 (Figure 2;
Table 1). Another QTL on LG20 for y position had a likelihood
of odds (LOD) score that reached a genome-wide threshold
of p < 0.1 and was therefore considered to be a suggestive
QTL (Figure 2; Table 1). Measures of schooling tendency did
not show any association to these QTL regions (Figure 2;
Table 1). We identified a suggestive QTL for latency to school
on LG20, but the confidence interval for this QTLwas nonover-
lapping with the QTL for y position (Figure 2; Table 1). The fact
that we detected suggestive QTL for schooling tendency
variables reveals that this cross would have sufficient power
to identify any potentially overlapping regions of linkage
between tendency and position components of schooling
behavior. These data provide additional support for the
modularity of schooling behavior on a genomic level.

The QTL we detected for schooling position explain a
modest amount of the phenotypic variance in these traits.
For example, the two QTL for head x position account for
just over 20% of the variance (Table 1). This suggests addi-
tional undetected QTL and/or an environmental component
to this trait. Similarly, the lack of significant QTL for schooling
tendency might be due to higher environmental variance
and/or a genetic architecture composed of small-effect QTL
for these traits. Although QTL of large effect have been de-
tected for several morphological traits in sticklebacks (e.g.,
[21]), many other morphological and behavioral traits appear
to exhibit a more complex genetic basis (e.g., [5, 20]). Further-
more, our studies are consistent with other behavioral genetic
studies: although single genes can have large impacts on
behavior [2, 22], many complex behaviors, particularly in
vertebrates, are associated with multiple genetic regions of
small to modest effect [4, 6, 23, 24].

Genetic Association between Schooling Behavior

and Neurosensory Phenotypes
Schooling is a highly precise behavior, requiring sophisticated
motor and sensory capabilities. When fish school, they
must maintain a characteristic body position and orientation
within a highly dynamic group of conspecifics, a task that
requires accurately assessing sensory information to quickly
respond to changes in the composition of the school. Two
sensory systems have previously been implicated in control-
ling body position when schooling: vision and the lateral line
[10, 25, 26]. Vision likely plays a role both in the tendency to
school and in influencing body position and orientation when
schooling [10, 25, 26]. No work has directly compared the
visual ability of the marine and benthic sticklebacks that we
study here. However, it is known that there are no differences
in relative eye size between these populations [27], and
laboratory behavioral studies have revealed that individuals
from both populations readily respond to the visual stimulus
of conspecifics [5, 28–30]. Despite a lack of evidence for
differences in visual capacity between marine and benthic
sticklebacks, it remains possible that unexplored differences
in visual processing between these populations could
contribute to divergent schooling behavior.
The lateral line has been implicated in influencing position

and orientation during social grouping in other fish species
[25, 26, 31, 32]. The lateral line is a peripheral, mechanorecep-
tive sensory system consisting of hair cells that respond to
watermovement and are grouped into structures called neuro-
masts [33]. Sticklebacks only have superficial neuromasts
that are found on the surface of the skin [34]. We have shown
striking differences in both the number and arrangement
of neuromasts across the bodies of marine and benthic
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Figure 2. QTL for Schooling Behavior

(A) Graph showing LOD score as a function of

linkage group for measures of schooling ten-

dency: time schooling (orange), latency to school

(blue), and number of bouts (green).

(B) Graph showing LOD score by linkage group

for measures of schooling position: body orienta-

tion (orange), head x position (blue), and head

y position (green). The dashed line represents

genome-wide significance level of p < 0.05, and

the dotted line represents p < 0.1, highlighting

suggestive QTL.

See also Table S1.
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sticklebacks [20], and we hypothesized that this variation
might contribute to their differences in schooling position.
In a previous QTL mapping study, we uncovered a modular
genetic basis for lateral line anatomy, highlighting multiple
genomic regions that control different anatomical portions of
the lateral line [20]. This QTL analysis was performed in the
same F2 individuals used in the current study, enabling us to
ask whether common genomic regions underlie both neuro-
sensory and behavioral variation. Indeed, the schooling posi-
tion QTL on LG4 also contains QTL for several aspects of
lateral line anatomy (Figure 3) [20]. This region is associated
with differences in the number of neuromasts in the supratem-
poral portion of the lateral line [20], and it also contains
suggestive QTL for neuromast number in the infraorbital and
preopercular lines (LOD = 3.14, p = 0.095 and LOD = 3.25,
p = 0.084, respectively). In addition, this region harbors amajor
QTL for the pattern of neuromasts in the posterior portion of
the main trunk line [20]. Marine alleles at this locus are associ-
ated with a paired dorsoventral arrangement of neuromasts,
whereas fish with benthic alleles possess a single row of
neuromasts [20]. This variant pattern is tightly linked to the
presence of bony plates [20], a conspicuous morphological
difference between marine and benthic fish that is controlled
by the gene Ectodysplasin (Eda), located within this QTL [21].
Body segments that have bony plates contain dorsoventral
pairs of neuromasts, whereas neuromasts on unplated seg-
ments are found in a single row. Ongoing work in our labora-
tory is manipulating Eda expression through transgenesis to
ask whether expression of ectopic plates alters neuromast
patterning and/or schooling position. However, there are
Table 1. Locations and Effects of Schooling QTL

Trait LG cM Marker LOD p Value PVE

Body orientation (�) 4 48 chrIV:10812344 5.29 p < 0.001 10.4

Head x position (cm) 4 51.6 chrIV:13850026 7.02 p < 0.001 13.5

17 10 chrUn:2632376 4.05 p < 0.03 7.1

Head y position (cm) 20 58.5 chrXX:232763 3.29 p = 0.073 6.6

Latency (s) 20 15.5 chrXX:14411783 4.01 p = 0.084 6.3

PVE, percent variance explained; MM, homozygous for marine alleles; MB, heterozygous; BB, homozyg
several additional candidate genes in
this region that have been implicated in
lateral line development or in social
behavior that are also viable candidates
for future functional analysis (Table S1).
In addition to the overlap in neural and

behavioral QTL on LG4, we found that
the schooling position QTL region on
LG17 also contains a lateral line QTL [20]. In particular, this
region has a suggestive QTL (LOD = 3.66, p = 0.063) for the
number of neuromasts in the supraorbital line, which is located
on the dorsal surface of the head (Figure 3). The suggestive
QTL that we detected for measures of schooling tendency
did not overlap with any lateral line QTL [20], further reinforcing
the separate genetic and neural control of these two compo-
nents of schooling behavior.
The overlap between QTL for lateral line and schooling posi-

tion phenotypes suggests one of two scenarios. First, these
neural and behavioral traits could be mechanistically indepen-
dent, arising from closely linked genes or from a single gene
that has independent pleiotropic effects on both schooling
behavior and the lateral line. Alternatively, differences in the
lateral linemight themselves drive the observed behavioral dif-
ferences. Because the lateral line has previously been impli-
cated in schooling behavior, we favor the hypothesis that the
genetic effects we observe on schooling behavior are likely
to act at least in part through the lateral line sensory system.
Testing this hypothesis will require targeted ablations of the
specific regions of the lateral line that are genetically linked
to variation in schooling behavior.

Conclusions
Our work reveals that schooling in sticklebacks is composed
of separable behavioral components with distinct genetic
architectures. Because shoaling and schooling are distinct
behaviors that share the component of social attraction, the
neural and genetic mechanisms that control the tendency
to school versus the ability to maintain a coordinated body
MM MB BB

81 6 1.4 73 6 1.3 69 6 1.8

4.1 6 0.5 0.9 6 0.4 0.3 6 0.5

3.9 6 0.7 1.1 6 0.3 1.0 6 0.6

22.0 6 0.4 20.8 6 0.2 0.02 6 0.3

23 6 6 19 6 3 48 6 10

ous for benthic alleles.
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Figure 3. Schooling Position QTL on LG4 Overlap with Lateral Line QTL

(A) Map of LG4 indicating positions of QTL; some markers have been

omitted for clarity. Bars on the left side represent 95% confidence intervals

for individual QTL. Significant QTL are shownwith filled bars and suggestive

QTL with open bars. For each trait, the marker at the QTL peak is labeled on

the right side. The position of the candidate gene Ectodysplasin is indicated

on the right side.

(B) Schematic depicting anatomical positions of the lateral line segments

that map to LG4 and LG17.
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position during schooling are likely to be distinct. Consistent
with this prediction, these behavioral features appear to be
controlled by separate genetic factors. In addition to genetic
modularity, our study reveals putative neural modularity in
the control of schooling behavior. Within a single sensory
system, the lateral line, some anatomical regions are linked
to behavioral variation whereas others are not associated.
This finding is consistent with previous work suggesting that
different portions of the lateral line may be important for
specific behaviors [6, 35].

Our work joins a growing number of studies aimed at
dissecting the genetic basis for complex behaviors in natural
populations, including those that have used association
mapping and/or linkage analysis to identify genomic regions
that contribute to behavioral evolution in vertebrates [2, 4–7].
In particular, recent work used a complementary approach
to ours to dissect the genetic and sensory basis for differences
in schooling behavior in the tetra Astyanax [36]. Astyanax
inhabit both river and cave environments, and those from
surface environments school strongly, but cavefish, which
are also blind, do not school. Kowalko et al. [36] show that
vision plays amajor role in the evolution of schooling tendency
in Astyanax but also identify vision-independent aspects of
divergent schooling. Studies like these—linking genetic,
neural, and behavioral variation in natural populations—will
continue to provide significant new insights into the proximate
mechanisms that underlie behavioral evolution.

Supplemental Information

Supplemental Information includes Supplemental Experimental Proce-

dures, one figure, and one table and can be found with this article online

at http://dx.doi.org/10.1016/j.cub.2013.07.058.
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