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The genome versus experience dichotomy has dominated understanding of behavioral individuality.
By contrast, the role of nonheritable noise during brain development in behavioral variation is
understudied. Using Drosophila melanogaster, we demonstrate a link between stochastic variation in
brain wiring and behavioral individuality. A visual system circuit called the dorsal cluster neurons (DCN)
shows nonheritable, interindividual variation in right/left wiring asymmetry and controls object
orientation in freely walking flies. We show that DCN wiring asymmetry instructs an individual’s
object responses: The greater the asymmetry, the better the individual orients toward a visual object.
Silencing DCNs abolishes correlations between anatomy and behavior, whereas inducing DCN asymmetry
suffices to improve object responses.

I
ndividual variability inmorphology is abun-
dant, including among human identical
twins and species that reproduce by par-
thenogenesis (1, 2). In this regard, the
brain is no exception. Examples of indi-

vidual brain variation include differences of
size, weight (3), and neuroanatomical parcel-
lations of human brains (4, 5). In invertebrates,
where individual neurons can be identified
across animals, single neurons show variabil-
ity in morphology, wiring (6), synaptic con-
nectivity, and molecular composition across
individuals (7–9).
Similarly, innate behaviors, such as selective

attention to stimuli, show individual variation
even among genetically identical individuals
(10–13). The stability of individual differences
over time defines behavioral idiosyncrasies as
animal individuality (14). It has been proposed
that variability in innate behavior is due to
neuromodulation of anatomically hardwired
circuits (15–17). By contrast, there is evidence
for developmental plasticity resulting in a
range of possible circuit diagrams among in-
dividuals (18, 19), but whether nonheritable
individual anatomical differences in brainwiring
can predict distinct behavioral outcomes is
unexplored (20–23).
To test whether stochastic wiring of neural

circuits affects behavioral variation, we used
Drosophila contralateral visual interneurons
called the dorsal cluster neurons (DCNs) (24)

(also known as LC14) (25). DCNs exhibit up to
30% wiring variability of their axonal projec-
tions between individuals and between the
left and right hemispheres of the same brain
(26). DCN axons innervate two alternative
target areas in the fly visual system called the
medulla (M-DCNs) and the lobula (L-DCNs)
(24). The decision whether any given DCN be-
comes a M-DCN or L-DCN is determined by
an intrinsically stochastic lateral inhibition
mechanismmediated by the Notch signaling
pathway (18). To test the link between wiring
variation and behavioral variation, we used a
visual behavioral assay called Buridan’s para-
digm (27). In this assay, a fly is placed between
two identical high-contrast stripes at 180° from
each other in a uniformly illuminated arena
(28). The stripes are unreachable, inducing
the fly to walk back and forth between them
during the assay.
Here we report that flies show behavioral

individuality that is nonheritable and is not
reduced through inbreeding. We find that
the degree in left-right DCN wiring asym-
metry in the medulla is a predictor of behav-
ioral performance of individual flies. The
more asymmetric the DCN medulla inner-
vation is, the narrower the path a fly walks
between the two stripes. DCN activity is nec-
essary for this correlation, and reengineering
DCN asymmetry suffices to change an indi-
vidual’s behavior.

Results

While analyzing object orientation responses
in wild-type Canton S (CS) flies (Fig. 1A and
movies S1 to S3), we noted sex-independent
interindividual variability in their trajectories
(Fig. 1, B and C). We focused on a parameter
called absolute stripe deviation (henceforth
aSD), measuring the deviation from the nar-
rowest possible path between the stripes. Al-
though males tend to walk narrower paths,

the degree of interindividual variation in aSD
is the same between males and females (Fig.
1D). We therefore continued our studies with
combined populations (Fig. 1E).

Object orientation variability is independent of
genetic diversity

To test whether behavioral variability cor-
relates with genetic diversity, we screened a
subset (N = 10) of the Drosophila genomic
reference panel (DGRP) (29) for genetically
homogeneous strains with extreme object
orientation responses. This identified two
strains with opposing behavioral phenotypes:
DGRP-639 showed low aSD (Fig. 1, F and G),
whereas DGRP-859 showed high aSD (Fig. 1,
H and I). Similar behavioral differences were
found in seven other representative behav-
ioral parameters (fig. S1). However, despite
the extreme reduction of genetic diversity,
the degree of individual variation in aSD was
not reduced (Fig. 1, G and I). On the contrary,
DGRP-639 showed increased behavioral var-
iability (Fig. 1G and fig. S1), hinting at the
nonheritability of this variability.

Individual object orientation responses
are nonheritable

If the genotype of an individual determines its
behavior, repeated breeding of parental ani-
mals with a specific behavioral trait should
select for a specific behavior, creating a be-
haviorally homogeneous population. We mated
three pairs with the lowest and highest aSD
scores, respectively (Fig. 2, A and B), and object
orientation responses were measured in their
offspring (Fig. 2, C and D). We found no dif-
ferences between the two sets of offspring in
aSD scores as well as six other parameters
tested (fig. S2A). The same was true for the
offspring of a single pair with low and high
aSD (fig. S2, B and C). We repeated the same
breeding schemes with the near-isogenic
DGRP-639 and DGRP-859 for seven gener-
ations. We found that for most parameters,
a breeding pair reproduces the full range of
variability in the population at every gener-
ation (figs. S3 and S4).

Individual object orientation responses are
stable over time

An individual’s idiosyncratic behavioral pro-
file may not be heritable either because it is
driven by internal-state modulations, or be-
cause it is driven by nonheritable develop-
mental mechanisms. To distinguish these
possibilities, we first tested the same indi-
vidual CS flies once every other day for 3 days
and found that an individual’s behavior
was virtually identical over the three trials
(Fig. 3, A and B). Statistical analysis of aSD
showed that the individual responses of CS
flies on different days were correlated (r =
0.74 to 0.77, Fig. 3E). The same was true for
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path details like left- or right shifted angles
(Fig. 3A and fig. S5C), distance, full walks, me-
ander, absolute horizon deviation, absolute
angle deviation, angle deviation, and center
deviation. We extended this analysis over a

4-week period. We found that the object re-
sponses of individuals were stable over this
extended period (Fig. 3, C and D, and fig.
S6, A and B). This stability argued against
state modulations and in favor of individ-

ual properties. Indeed, starvation followed
by refeeding over a period of 3 days failed
to reduce stability of individual performances
despite obvious changes in mean population
behavior (fig. S7). Finally, we asked whether
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Fig. 1. Individual variation of Drosophila stripe responses is independent of
gender or genetic diversity. (A) Drosophila object orientation responses are
measured in a Buridan’s paradigm arena. (B) Male CS wildtype flies (N = 50)
showed on the population level (shown in a heatmap) an object orientation
response toward the stripes that are located at the top and bottom. The
categorization of individual responses into strong and weak object orientation
responses shows the entire repertoire of responses (shown as individual fly
tracks). (C) Female CS wild-type flies (N = 48) showed the same object
orientation responses as their male counterparts. (D) The histograms for aSD
show that CS male (N = 50) and female (N = 48) flies displayed the same
range of individual responses. The histogram shows in bins of 5 % of the
radius the distribution of aSD for each population. The distributions for males
and females are statistically identical (Tukey test, p = 0.1). (E) The histogram

shows the cumulative aSD for CS male and female flies (N = 98). (F) DGRP-
639 flies (N = 61) showed on the population level an object orientation
response toward the stripes that exceeds even the response of CS (Tukey
test, p = 0.01). Three examples of individual responses show the individual
differences. (G) The histogram for aSD shows that DGRP-639 flies (N = 61)
exceed the variability of CS flies (F-test, p < 0.001). The distribution is shifted
toward lower aSDs. (H) DGRP-859 flies (N = 59) showed on the population
level (heatmap) a weak object orientation response toward the stripes. The
main population response is edge behavior. Two examples of individual
responses show prevalent individual differences that include also individuals with
strong object orientation responses. (I) The histograms for aSD indicate that
DGRP-859 flies (N = 59) show variability comparable to that of CS flies. The
distribution is shifted toward higher aSDs.
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reduced genetic diversity affects behavioral
stability. We performed repeated testing of
DGRP-639 and DGRP-859 individual flies and
found that both inbred strains showed tem-
porally stable individual responses (Fig. 3, F
and G, and fig. S5, A to C).
Together, the data show that individual

variability in object orientation is a non-
heritable, temporally stable trait that is
independent of sex, genetic background,
and genetic diversity. Where in the brain
might such individuality in visual behav-
ior originate?

A variable set of commissural
visual interneurons

In 1982 Bülthoff (30) suggested, based on
work by Zimmermann (31) and Götz (32),
that object position processing in Drosophila
(33) requires qualitative asymmetry of the
visual percept of an object. However, direct

evidence for this notion is lacking, especially
that the sizes of the left and right eyes of the
same fly are highly correlated (34). In 1986,
while analyzing object responses in motion-
blind flies, Heisenberg and colleagues sug-
gested that binocular interactions, through
higher-order commissural visual interneur-
ons, are required for object orientation (35).
Putting the two predictions together we hy-
pothesized that variation in object orienta-
tion responses is regulated by the variation in
the asymmetry of a higher-order contralateral
visual circuit innervating the frontal visual
field. The DCNs match this predicted circuit
(Fig. 4A).
To obtain a comprehensive description of

DCNwiring,we extended the previous analyses
of DCNs that were based on 16 female flies (18),
to 103 males and females. We found that the
number of DCNs varied from 22 to 68 cells,
with a range of 11 to 55 L-DCNs and 6 to 23 M-

DCNs (Fig. 4B and fig. S8, A and B). In addi-
tion, we observed a distribution of variation
in medulla-targeting asymmetry by M-DCNs
(Fig. 4C, histogram distributions; fig. S8B).
The distribution of all DCN asymmetries
showed a peak of low asymmetries, although
extreme asymmetries were present but rare.
Finally, three-dimensional reconstruction
showed that M-DCN axons terminate in the
posterior medulla (movies S4 to S6), where
visual columns from the frontal visual field
are located, and the DCN wiring pattern in
the medulla does not change in the adult (fig.
S9 and movies S7 and S8).

Individual wiring variability drives
behavioral individuality

DCNs represent an ideal candidate for an in-
trinsically asymmetric population of contra-
lateral higher-order interneurons to mediate
object responses (35). To test this hypothesis,
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Fig. 2. Individual variation is independent of genetic selection.
(A and B) The three lowest- (A) and highest-scoring couples (B) for aSD were
chosen from a population of 47 CS males and 37 virgin CS females. The
heatmaps in the top row show, from left to right: (i) the three virgin females
and (ii) males with the lowest aSD, (iii) the three virgin females, and (iv)
males with the highest aSD. (C and D) The offspring of these two populations

are shown in the middle row separated by a black stripe. The behavioral
heatmaps and variability histograms of the two populations of offspring
are statistically indistinguishable (N = 180 for both; two-way analysis of
variance (ANOVA) and Tukey HSD as post hoc test; p = 0.22). The bottom
row shows examples of individuals representing the range of variability in
both populations.
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Fig. 3. Individual variation of Drosophila object orientation responses is
stable over time. Adult CS flies (N = 74) were repeatedly tested over the
duration of 3 days and several weeks. The flies showed marked stability in their
responses irrespective of whether they responded strongly or weakly to the
visual cue, or even showed no response toward the visual cue at all. (A) Two
different examples of CS flies with low aSD. The heatmap and the individual
tracks for the 3 days show persistent behavior. Even the angle toward the stripes
is conserved throughout the 3 days. The upper row is right shifted, and the
bottom row is left shifted. (B) Two different examples of CS flies with high aSD.
The positional preferences are conserved between the different days. The upper
row shows an animal with local preferences and the lower one performs a
random walk. (C and D) Two different examples of CS flies with strong (individual 1)
and high aSD (individual 2) that show persisting behavior throughout three
consecutive days and several weeks. (E) Statistical analysis for aSD shows that

the CS responses of the different days and weeks are correlated. The Pearson
correlation coefficient for day 1 versus day 2 is 0.76 with p < 0.001. For day
1 versus day 3, the correlation coefficient is 0.76 with p < 0.001. For day 2 versus
day 3, the correlation coefficient is 0.76 with p < 0.001. For week 1 versus week 4,
the correlation coefficient is 0.66 with p < 0.001. (F) Similar to the CS data,
the responses for DGRP-639 were moderately to strongly correlated (N = 52, animals
with low path length were removed; see fig. S3A for examples). The Pearson
correlation coefficient for day 1 versus day 2 is 0.39 with p = 0.0047. For day
1 versus day 3, the correlation coefficient is 0.63 with p < 0.001. For day
2 versus day 3, the correlation coefficient is 0.59 with p < 0.001. (G) The
correlation between days for DGRP-859 (N = 76) even exceeds the data for
CS. The Pearson correlation coefficient for day 1 versus day 2 is 0.76 with
p < 0.001. For day 1 versus day 3, the correlation coefficient is 0.64 with p < 0.001.
For day 2 versus day 3, the correlation coefficient is 0.82 with p < 0.001.
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we first asked whether the DCNs were re-
quired for object orientation. Inactivating ei-
ther all DCNs or only M-DCNs resulted in a
strong increase in aSD (Fig. 4, D and E, and
fig. S8, C and D). Next, we queried the rela-

tionship between individual variability in
object orientation behavior and individual
variability in DCN wiring (N = 103) (fig. S10).
Unbiased correlation analysis between 36 be-
havioral parameters and 37 prominent DCN

anatomical features (Fig. 5A and fig. S11, A to
C) showed that left-right asymmetry in M-DCN
innervation correlated with an individual’s aSD
(Fig. 5C, r = −0.67) and other interdependent
parameters (fig. S11A). Individuals with high
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Fig. 4. Normal stripe responses require DCN function. (A) The DCNs are
commissural neurons in the visual system of the fly. The DCNs have dorsally
located cell bodies that send out an ipsilateral dendrite and a contralateral axon.
This axon innervates either the visual neuropil lobula or medulla. Two independent
driver lines are shown for the DCN neurons: ato-lexA (red, lexAOP-myr-tdTomato)
marks all DCNs whereas VT037804-GAL4 (green, UAS-myr-GFP) marks only the
M-DCN neurons that innervate the medulla. (B and C) The DCNs display high
variability in their axonal branching pattern, as shown for three individual brains.
Statistical analysis shows that the number of medulla axon branches ranges
from 6 to 23 axons with a mean of 13.99 (B). The medulla asymmetry ranges from
0 to 10 axons with a mean of 2.98 (C). (D) DCN neuron silencing leads to an

increase in aSD. The heatmap of the control population of ato-GAL4/+ flies shows a
normal response in the two-stripe arena. This is lost upon silencing of DCN neurons
in ato>Kir2.1 animals. Statistical analysis (N = 57 to 63) of aSD shows that
ato>Kir2.1 animals show higher aSD than the controls (two-way ANOVA and Tukey
HSD as post hoc test, p < 0.001). Higher aSD means that the animals fixate the
stripes less. (E) Similar results are obtained by M-DCN neuron silencing with
VT037804-GAL4. The heatmap of the control population of VT037804-GAL4/+
flies shows normal object orientation in the two-stripe arena. This is lost upon
silencing of DCN neurons in VT037804>Kir2.1 animals. Statistical analysis
(N = 72) of aSD shows that VT037804>Kir2.1 animals show higher aSD than the
controls (p < 0.001). Scale bars, 20 mm.
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M-DCN asymmetry have a low aSD, whereas
individuals with symmetric M-DCN have a
high aSD (Fig. 5, B and C). To test if DCN
wiring asymmetry is a functional driver of
individual object orientation behavior, we si-

lenced DCNs and repeated the analyses. This
abolished the correlation between M-DCN
asymmetry and aSD, but not stripe detection
per se (Fig. 5, D and E, r = −0.002 and figs.
S12 and S13).

DCN asymmetry determines object orientation
in individuals
Our data show that nonheritable develop-
mental variation in DCN wiring asymmetry
is necessary for creating variability in object
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Fig. 5. Individual
variation of anatomi-
cal brain asymmetry
regulates behavioral
variation. (A) To
correlate behavioral
variation with brain
anatomical variation,
flies were tested
behaviorally in the
Buridan arena, their
brains dissected and
stained, and DCN
anatomy imaged,
keeping individual
information intact.
After computational
analysis of fly tracks
and automated
neuronal reconstruc-
tion of the brain
anatomy, a cross-
correlational analysis of
both data sets was
performed. (B) Animals
with high left-right
asymmetry of DCN
axonal projections
showed better
performance than
animals with lower
asymmetry. The
colored numbers show
the reconstructed
medulla axons in each
brain hemisphere.
(C) Statistical analysis
(N = 103) shows that
the medulla asymmetry
correlates (r = 0.67,
p < 0.001) with aSD.
The blue and orange
crosses mark the posi-
tion of the blue and
orange individuals
shown in (B). (D) DCN
silencing with tetanus
toxin results in the loss
of a correlation
between medulla right-
left asymmetry and
aSD. High-asymmetry
and low-asymmetry
animals show approximately the same behavioral performance. (E) Statistical analysis shows that DCN silencing with tetanus toxin (TNT, N = 92) results in the
loss of anatomy behavior correlations (r = −0.002, p = 0.98; control: N = 89, r = −0.54, p < 0.001, shaded dark gray). The examples of (D) are marked with a blue and
orange cross in the correlation plot. Scale bars, 20 mm.
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orientation behavior across individuals. We
therefore wondered if the changed object
orientation responses in the DGRP strains
reflect DCN asymmetry alterations.We found
that the low aSD strain DGRP-639 displayed
moreDCNwiring asymmetry, and the high aSD
strain DGRP-859 less DCN wiring asymmetry
(fig. S14), consistent with our hypothesis. Next,
we developmentally rewired the DCNs either
by blocking endocytosis to inhibit develop-
mental signaling amongDCNs or by activating
the Notch pathway, both in a DCN-specific
fashion. This resulted in reduced DCN wiring
asymmetry and a correspondingly higher aSD,
while preserving the correlation betweenwiring
and behavior (Fig. 6, A to C, and figs. S15 and
S16). Finally, we genetically engineered flies
to generate one-sided DCN clones expressing
the neuronal silencer Kir2.1. Animals with

asymmetrically silenced clones showed lower
aSD scores than controls with unsilenced
clones or no clones at all (Fig. 6D and fig. S17).
Together, these data causally link DCNwiring
asymmetry to object orientation responses.
Finally, to test our hypothesis further, we

asked if generating any asymmetry in visual
processing is sufficient to override high stripe
deviation. Among 79 CS flies tested, we se-
lected the 20 with the highest aSD indices
(>40), performed monocular deprivation, and
tested them again. This resulted in a reduction
of aSD in these flies, as well as in the entire
population (fig. S18).

Discussion

The origins of behavioral individuality are a
central question in neuroscience, psychology,
and evolution. The discovery of stable individ-

ual traits in nonhuman vertebrates (16) and
invertebrates facilitated research on behav-
ioral variation (10, 14) and offered both genetic
(11, 12, 36) and neuromodulatory (11, 15, 36)
explanations for behavioral idiosyncrasies. Here
we establish a link between variability in the
development of the brain and the emergence
of individuality of animal behavior. Our work
shows that intrinsically stochastic mechanisms
of brain wiring give rise to intraindividual var-
iation of left-right asymmetry in the innerva-
tion of the fly visual areas, which explains the
individuality of behavioral differences in object
responses. The amenability of the relatively
complex Drosophila brain to multiscale anal-
ysis, from the molecular to the behavioral, at
single-animal resolution makes it a model for
understanding the emergence of individual-
ity at each of these scales. We speculate that
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Fig. 6. Individual variation of
anatomical brain asymmetry
suffices for behavioral variation.
(A) Schematic for the develop-
mental inhibition of endocytosis
using UAS-shibirets during the
critical period (24 to 48 hours after
puparium formation). The manipu-
lation to change asymmetry is
performed at the time of the choice
between M-DCN or L-DCN (18).
(B) Blocking endocytosis during
DCN development increased
the proportion of individuals with
symmetric wiring and correspond-
ingly aSD, with no effect on
the correlation between anatomy
and behavior in single flies.
(C) Correlation curve of the
UAS-shibirets individuals described
in (B) (N = 27, r = −0.69, p < 0.001;
control: N = 25, r = −0.75,
p < 0.001, shaded dark gray).
(D) Directed induction of one-sided
clones in M-DCNs expressing
Kir2.1 results in stronger object
orientation responses than in
the genetic control [same
genotype, no heat shock (HS)
clonal induction, p = 0.007] and
in the HS control (identical
genotype but lacking UAS-Kir.2.1,
p = 0.006). Data were analyzed by
two-way ANOVA and Tukey test.
Scale bars, 20 mm.
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similarmechanisms and consequenceswill hold
true in other species, including humans.
Previous work in Drosophila visual behav-

ioral neuroscience led to the proposal that
asymmetry in visual information processing
influences object responses. Where such func-
tional asymmetry lay and how it might arise
has, until now, remained unclear. Indepen-
dently, the study of object responses inmotion-
blind mutants led Heisenberg and colleagues
to propose a hypothetical contralateral circuit
dedicated to object responses in the frontal
visual field (28, 30–32, 35). Our discovery that
DCN asymmetry drives object orientation re-
sponses in individuals is an elegant solution
combining both predictions: a contralateral
asymmetric visual circuit that regulates object
orientation in the frontal visual field. Future
work will reveal the exact physiological conse-
quences of morphological asymmetry, such as
whether wiring asymmetry induces timing dif-
ferencesas inauditorynavigation (37) orwhether
the absolute differences are simply summed up.
Our work provides evidence for the genera-

tion ofmultiple brain and behavior phenotypes
from the same genotype via developmental
stochasticity and noise. This can serve as a
robustness factor for both the individual and
the population by increasing the chances of
survival of any given genome in case of strong
selection pressure (22).
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