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Summary

Background: Linearly polarized light originates from atmo-
spheric scattering or surface reflections and is perceived by
insects, spiders, cephalopods, crustaceans, and some verte-
brates. Thus, the neural basis underlying how this fundamental
quality of light is detected is of broad interest. Morphologically
unique, polarization-sensitive ommatidia exist in the dorsal
periphery of many insect retinas, forming the dorsal rim area
(DRA). However, much less is known about the retinal sub-
strates of behavioral responses to polarized reflections.
Summary: Drosophila exhibits polarotactic behavior, sponta-
neously aligning with the e-vector of linearly polarized light,
when stimuli are presented either dorsally or ventrally. By
combining behavioral experiments with genetic dissection
and ultrastructural analyses, we show that distinct photore-
ceptors mediate the two behaviors: inner photoreceptors
R7+R8 of DRA ommatidia are necessary and sufficient for
dorsal polarotaxis, whereas ventral responses are mediated
by combinations of outer and inner photoreceptors, both
of which manifest previously unknown features that render
them polarization sensitive.
Conclusions: Drosophila uses separate retinal pathways for
the detection of linearly polarized light emanating from the
sky or from shiny surfaces. This work establishes a behavioral
paradigm that will enable genetic dissection of the circuits
underlying polarization vision.

Introduction

Linearly polarized skylight created by atmospheric scattering
of sunlight is perceived by many animals [1–3] and serves as
an important navigational cue [4, 5]. Sunlight reflecting off
shiny surfaces, such as leaves and water, is also linearly polar-
ized [1, 6] and represents another environmental signal [7–9].
Behavioral, electrophysiological, and anatomical studies in
many insects have identified specialized ommatidia in the
dorsal rim area (DRA) of the compound eye as the most
suitable candidate for detecting polarized skylight [10–12].
In these ommatidia, two photoreceptors maintain polarization
sensitivity (PS) by failing to twist their rhabdomeres (for
review, [12]). By comparison, much less is known about
how insects detect polarized reflections. Behavioral studies
in water bugs, dragonflies, locusts, and tabanid flies have
*Correspondence: trc@stanford.edu
demonstrated that polarized light can be detected by the
ventral eye [7–9]. Although a likely retinal substrate has been
described in the backswimmer Notonecta [6], the functional
relationship between specific photoreceptors and these cues
has not been demonstrated. Thus, understanding the cellular
and behavioral relationship between dorsal and ventral polar-
ization signals presents an important challenge.
The Drosophila eye comprises w800 ommatidia, each con-

taining eight photoreceptor cells, designated R1–R8. Outer
photoreceptors, R1–R6, contain a blue/green-sensitive
rhodopsin Rh1, associated with a UV-sensitizing pigment
that confers response to UV light [13]. Variations in inner
photoreceptors create a mosaic of at least three subtypes
(see [14]). DRA ommatidia form a narrow band of 1–2 rows
along the dorsal margin of the eye [15]. In these ommatidia,
R7 and R8 have enlarged rhabdomeres and express the
UV-sensitive pigment Rh3 [16, 17]. The two remaining sub-
types are named ‘‘pale’’ (p) and ‘‘yellow’’ (y) and are randomly
distributed across the retina [14]. R7 cells each express one of
two UV opsins rh3 (R7p), or rh4 (R7y), whereas the underlying
R8 cells express either rh5 (R8p) or rh6 (R8y). Due to this chro-
matic heterogeneity, inner photoreceptors are thought to
mediate color vision [18–20].
Genetic tools provide powerful approaches to dissecting

neural circuits underlying visual behaviors in Drosophila
[19–22]. However, polarization vision is poorly understood in
flies, because two previous studies implicated different retinal
substrates. Von Philipsborn and Labhart [23] reported sponta-
neous turning responses of houseflies to slowly changing
e-vector orientations, a behavior that was UV-specific and
proposed to be mediated by DRA ommatidia. These findings
agreed with electrophysiological and morphological studies
demonstrating high PS in R7DRA and R8DRA photoreceptors
[13, 24]. However, Wolf et al. [25] demonstrated alignment of
Drosophila with the incident e-vector, a behavior that was
elicited by both polarized UV and green light, even when pre-
sented ventrally, which they linked to R1–R6 photoreceptors.
Here we establish a new behavioral paradigm and use genetic
tools to define the retinal substrate of polarization vision in
Drosophila.

Results

Drosophila Manifests Orientation Responses to Linearly

Polarized Stimuli Presented Either Dorsally or Ventrally
Using a custom tracking system [22], we monitored the
movements of isogenic fly populations in a circular arena
(Ø 7.5 cm 3 height 2.5 cm) illuminated from above by linearly
polarized (POL) light (Figure 1A; see also Figure S1 available
online). Flies could freely walk on the transparent floor or
ceiling of the arena, with either the dorsal or ventral eye seeing
the stimulus. A polarizer, mounted on the motorized stage,
rotated in 45� steps, remaining stopped for 5 s (Figure 1B).
Flies were recorded from below using an infrared (IR) video
camera, and the position and orientation of each fly were
correlated with e-vector orientation during the stops. Polar
histograms of fly angular headings during the stopped epochs
suggested that flies preferentially aligned their body axis in
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Figure 1. Drosophila Manifests Orientation Responses to Linearly Polarized Stimuli Presented Either Dorsally or Ventrally

(A) Schematic of the experimental setup used to present linearly polarizedUV light from above to populations ofDrosophila, whichwere filmed in the infrared

from below. A polarization filter (HN42HE) was facing the flies, with two sheets of diffuser paper facing the light source. The following abbreviations are used:

IR, infrared light; UV POL, polarized UV light; Diff, Diffuser; Pol, Polarizer.

(B) Summary of the stimulus protocol used. A computer-controlled servomotor rotated the polarization filter in 45� increments, remaining still for 5 s at

each position. Different motor positions are denoted with different colors.

(C) Polar histograms of fly angular headings are shown for dorsally stimulated flies at each motor position.

(D) Basic description of wild-type polarotactic responses for linearly polarized UV stimulus presented dorsally. White bars symbolize UV-POL stimulation,

green and blue bars symbolize stimulation with polarized light of the respective color (see Experimental Procedures). All error bars represent 61 SEM;

*p < 0.05, **p < 0.01, ***p < 0.001. The following abbreviation is used: ns, not significant.

(E) Alignment values A, plotted as a function of dorsal UV stimulus intensity. The dashed line represents intensity setting used for all subsequent exper-

iments, and the red box represents UV intensity of skylight at dusk (Palo Alto, CA; see Supplemental Experimental Procedures).

(F) Basic description of wild-type responses for linearly polarized UV stimulus presented ventrally.

(G) A values plotted as a function of ventral UV stimulus intensity.
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parallel with the e-vector (Figure 1C). Plotting these histo-
grams on a linear axis over 360� revealed a sinusoidal modu-
lation of orientation whose amplitude was proportional to
the strength of the response and whose phase captured its
precision. To represent this polarotactic behavior in a single
metric, we computed an alignment value, A, incorporating
both amplitude and phase of this distribution (see Experi-
mental Procedures).

Bothmale and female flies aligned to the e-vector of a dorsal
UV stimulus (A_ = 0.136 0.02 and A\ = 0.156 0.01; Figure 1D),
across a range of ethologically relevant intensities (see
Supplemental Experimental Procedures). This response was
lost in complete darkness (A = 0.00 6 0.01), or when the light
was depolarized by a diffuser (A = 0.02 6 0.01). Polarotactic
responses were virtually lost (A = 0.04 6 0.01) when a quarter
wave plate (QWP) was positioned in front of the polarizer at an
orientation that transformed the stimulus into circularly polar-
ized light, which insects perceive as unpolarized (see Experi-
mental Procedures, [26]). The responses could be restored
by rotating the QWP 45� with respect to the polarizer, restoring
linear polarization (A = 0.136 0.01). Finally, dorsally stimulated
flies did not orient to blue POL (460 6 10 nm) or green POL
(510 6 10 nm) stimuli (ABlue = 0.04 6 0.01 and AGreen = 0.00 6
0.01). Thus, the photoreceptors that mediate dorsal POL
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Figure 2. Dorsal Polarotactic Behavior Is Mediated by the Dorsal Rim Area

(A) Testing the necessity of photoreceptor subtypes mediating behavioral

responses to UV-POL stimuli presented dorsally. Polarotactic responses

were measured in flies expressing UAS-shibirets under the control of

GAL4 drivers expressed in various subtypes of photoreceptors. Unlabeled

bars were not significantly different from the control.

(B) Sufficiency of photoreceptor subtypes mediating behavioral responses

to POL stimuli presented dorsally. Opsin drivers (both wild-type and

mutated) and hth-GAL4 were used to rescue photoreceptor function by

expressing eye-specific Phospholipase C (NorpA) from newly generated

UAS-norpA transgenes (shown schematically, see Experimental Proce-

dures), in norpA2/ norpA2 mutant flies. Open bars denote experimental

genotypes, and gray bars denote negative controls (a norpA/norpAmutant,

bearing UAS-norpA, without a GAL4 driver).

All error bars represent 6 1 SEM; *p < 0.05, **p < 0.01, ***p < 0.001.
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behavior are strictly UV sensitive and detect the linearly polar-
ized component of the stimulus.

In agreement with previous work demonstrating that
Drosophila can perceive polarized light ventrally [25], both
male and female flies displayed preferential alignment in
parallel with the e-vector when seeing the polarized UV stim-
ulus with the ventral half of their eyes (Figure 1F; A = 0.22 6
0.01 and A = 0.23 6 0.01, respectively), a response that was
never detected in darkness (A = 0.01 6 0.026). Ventral POL
responses were significantly stronger than dorsal POL
responses and remained robust down to low light levels (Fig-
ure 1G). Depolarizing the stimulus strongly abrogated the
response (A = 0.04 6 0.01) as did the QWP (A = 0.10 6 0.01),
and again the response could be rescued by rotating the
QWP 45� (A = 0.26 6 0.01). Robust ventral POL responses
were also obtained using blue (460 nm) and green (510 nm)
polarized light (A = 0.19 6 0.02 and A = 0.14 6 0.02, respec-
tively), at the same intensities that failed to evoke responses
when presented dorsally. Thus, the spectral sensitivity
of ventral POL behavior is different, extending to longer
wavelengths.

Dorsal Polarotactic Behavior Is Mediated

by the Dorsal Rim Area

To determine the necessity of different photoreceptor classes
for dorsal POL vision, we disrupted synaptic transmission
through expression of shibirets, a temperature-sensitive,
dominant-negative mutant of dynamin ([27]; Figure S2).
Although expression in some photoreceptor subtypes
nonspecifically reduced behavioral responses by less than
50% (Figure 2A), only inactivation using rh3-GAL4 (expressed
in R7p and DRA inner photoreceptors) completely abolished
polarotactic responses (A = 0.02 6 0.01). Furthermore, dorsal
POL behavior was completely lost upon photoreceptor in-
activation using hth-GAL4 (expressed in R7DRA and R8DRA;
A = 0.03 6 0.01), as well as rh6+DRA-GAL4 (A = 0.01 6
0.005). In this driver, a point mutation introduced into the rh6
promoter sequence leads to expression of GAL4 in R8y as
well as R7DRA and R8DRA (Figure S2). Thus, DRA ommatidia
provide the retinal substrate of dorsal POL vision. However,
we could not rule out contributions of other photoreceptor
classes.
To test for sufficient photoreceptor classes, we functionally

rescued the phototransduction mutant norpA [28] using
GAL4 drivers. As expected, norpA mutants were blind (A =
0.00 6 0.001, Figure 2B). This defect was specifically rescued
by expressing UAS-norpA using rh3-GAL4 (A = 0.10 6 0.01)
or rh6+DRA-GAL4 (A = 0.11 6 0.02) but by none of the other
opsin drivers. Rescue of different photoreceptor subclasses
in addition to rh3-expressing cells (rh1+rh3, rh3+rh4,
rh3+rh5, rh3+rh6) never led to A values significantly higher
than rh3 > norpA alone. Although hth-GAL4 did not rescue,
this driver is only weakly expressed in the adult retina. There-
fore, specifically restoring function to both R7DRA and R8DRA
is sufficient to restore dorsal POL behavior.
The rhabdomeric photoreceptors of insects are inherently

polarization sensitive because the rhodopsin molecules are
aligned within the microvillar membrane so that linearly polar-
ized light is maximally absorbed when the e-vector orientation
is parallel to the microvilli [11, 29, 30]. Hence, polarization
sensitivity is maximal when the microvilli are well aligned
along the rhabomere [31, 32]. However, rhabdomeres are
generally twisted in flies [33–36]. We therefore assessed rhab-
domere twist of R7DRA and R8DRA (Figure 3) by measuring
microvilli orientation in serial electron microscopic cross-
sections. R7DRA and R8DRA were easily identifiable by their
enlarged rhabdomeres (compare Figure 3A with Figure 3D;
[15, 17]) and displayed strongly reduced twist when compared
to non-DRA ommatidia (Figures 3A–3C and 3E). Based on
the twist functions, we estimated their polarization sensitivity
as PSR7.DRA = 8.1 6 0.6 (n = 8) and PSR8.DRA = 7.9 6 1.1
(n = 7) (see Supplemental Experimental Procedures). The
e-vector orientations of maximal sensitivity (4max) of R7
and R8 were approximately orthogonal to each other (82� 6
8�). Thus, R7DRA and R8DRA have polarization sensitivity
characteristics appropriate to an orthogonal analyzer system
as previously described [2]. In contrast, R7 and R8 immedi-
ately adjacent to the DRA displayed considerable twisting
(Figures 3B, 3C, and 3F), resulting in lower estimated PS



Figure 3. Rhabdomeres of Inner Photoreceptors in the Dorsal Rim Area Are Untwisted

Ommatidia of the dorsal rim area (DRA) and of the adjacent dorsal area (DA) were studied.

(A andD) Transmission electronmicrographs showing rhabdom structure (a) andmicrovilli orientation of R7 in individual ommatidia at distal (b) and proximal

(c) levels of R7. Numbers indicate receptor types. Straight lines in rhabdomere cross sections give microvilli orientations. Scale bars represent 1 mm.

(B and C) Total range of microvilli directions expressed by fans in different groups of ommatidia (same as in line graphs E and F). Red fans represent R7

and blue fans R8. A fine black line marks the boundary between the DRA and the DA. A fat black line shows the eye rim. Interrupted arrowed line is the

v axis of the ommatidial pattern pointing dorsal (compare Figure S3D). The following abbreviation is used: dco, dorsocaudal origin of ommatidial rows. Scale

bars represent 10 mm. Note that one ommatidium has a R7DRA (large, nontwisting rhabdomere) but a R8DA (small, twisting rhabdomere).

(E and F) Graphic representation of microvilli orientation at different retinal levels (twist functions) in R7 (left family of curves) and R8 (right family of curves).

The ordinate indicates microvilli orientation relative to a straight line through the centers of R1 and R3 rhabdomeres (0�; stipled line). The abscissa gives

retinal level relative to the surface of the eye (0 mm indicates level of first section containing rhabdoms). Colorsmark data from different identified ommatidia.
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values (PSR7 = 3.66 1.2, n = 7; PSR8 = 2.26 0.5, n = 8). R7 and
R8 rhabdomeres at the ventral eye rim (VR) also exhibited
significant twist and comparatively low estimated PS values
(PSR7.VR = 2.6 6 0.89, PSR8.VR = 2.2 6 0.5, n = 5), consistent
with the absence of a specialized ventral rim area.

Low Twist R7 Photoreceptors in the Ventral Eye Can

Mediate Polarotactic Responses
We next assessed which photoreceptor classes are neces-
sary for the ventral UV-POL response using shibirets (Fig-
ure 4A). Of the single opsin drivers, only rh3-GAL4 caused
a significant response decrease (A = 0.11 6 0.03). Inactivation
of R7DRA and R8DRA using hth-GAL4 and rh6+DRA-GAL4 had
no effect (A = 0.30 6 0.01 and A = 0.29 6 0.02, respectively).
Thus, the DRA is not required for the ventral POL response.
Rather, this behavior depends on UV-sensitive rh3-express-
ing ventral R7p cells.

Ventral POL responses to green light cannot be mediated
by the exclusively UV-sensitive R7. In fact, inactivation of the
three main photoreceptor classes by themselves (R1–R6, R7,
or R8 cells) did not significantly affect the green-POL response
(Figure 4B), which was only abrogated by a combination of
rh1+(rh5+rh6)-GAL4 drivers (A = 0.02 6 0.02). We infer that
R1–R6 and R8, but not R7, are redundantly required for the
response to green light (510 6 10 nm). Hence, changing
the stimulus wavelength shifted the retinal inputs to the POL
vision circuitry.
To examine how the ventral retina mediates polarotactic
responses, we estimated PS of ventral photoreceptors, by
characterizing their rhabdomere twist (Figure 5). Because our
behavioral data suggest a prominent role of R7p, we first
compared rhabdomeric twist of R7 and R8 subtypes, after
specifically labeling p ommatidia, using rh3-GAL4 and UAS-
CD2:HRP (see Supplemental Experimental Procedures;
Figures S3A and S3B). Specific differences in rhabdomeric
twist between p and y ommatidia have been described for
Calliphora R8 cells [33]. However, analysis of three patches of
ventral retina revealed that R7p and R7y as well as R8p and
R8y were equally twisted (Figure S3C). We next broadly
searched the ventral retina, by analyzing rhabdomeric twist of
R7 in seven, partly overlapping groups of 6 to 25 ventral omma-
tidia (Figure S3D). In four groups, R7 cells were significantly
twisted, with an average estimated PSR7 ranging from 2.2 to
2.9 (Figure 5G; 2.2 6 0.8, n = 11; 2.5 6 0.6, n = 6; 2.9 6 0.8,
n = 11, 2.66 0.9, n = 25). In two groups, twisting was restricted
to the proximal half of the R7 rhabdomeres (Figure 5I) resulting
in estimated PS of >3 in one group (PS R7 = 3.1 6 0.4, n = 10),
and reaching 5 in the other group (PSR7 = 5.0 6 1.0, n = 7).
The last group (Figures 5D, 5E, and 5H) contained several
ommatidia with low twist (13� to 26�), resulting in high esti-
mated PS values of 6.4 to 8.0 (average PSR7 of the group was
5.5 6 1.6, n = 13). Comparison of R7 twist functions in three
overlapping groups (VA2, VA5, VA6; Figure S3D) showed
considerable differences between individuals, arguing against
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Figure 4. Ventral R7 Photoreceptors Can Mediate Polarotactic Responses

(A) Behavioral responses to a ventral POL stimulus after inactivation of photoreceptor subtypes with two copies of UAS-shibirets. Open bars denote exper-

imental genotypes, and gray bars denote control genotypes.

(B) No single photoreceptor subtype is required for an orientation response of upside-down walking flies to linearly polarized green light, but behavior gets

strongly abrogated upon simultaneous inactivation of rh1- and (rh5+rh6) subtypes and completely disappears using three copies of UAS-shibirets (compare

dark and light green bars).

All error bars represent 6 1 SEM; *p < 0.05, **p < 0.01, ***p < 0.001.
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a precisely defined ventral POL area. However, even in the
more twisted rhabdomeres, the microvilli orientations still
hadastrongdirectional bias, resulting in significantPS. Inaddi-
tion, in each group, the 4max orientations of R7 were strongly
aligned, showing variations of only 65.6� to 613.6� (circular
SD). Hence, by pooling the responses of neighboring omma-
tidia, even moderately polarization-sensitive R7 cells can
provide reliable e-vector information.

The R8 cells in all ommatidial groups had strong rhabdo-
meric twist (Figures 5C and 5F–5I) and low estimated PS
values with averages ranging from 1.5 to 2.2. Only in VA2,
the group exhibiting strong estimated R7 PS (Figures 5F and
5H), a few R8 rhabdomeres were extremely short (10–20 mm),
resulting in small net twist and correspondingly high estimated
PS reaching 4–7 in five out of the 13 R8 cells.

Outer Photoreceptors R1–R6 Contribute to Ventral
Polarotactic Responses

Using a ventral UV-POL stimulus, we assessed sufficiency of
photoreceptor classes using UAS-norpA (Figure 6A). Only weak
rescue was obtained when norpA was expressed in any of rh1-,
rh3-, or rh5-positive cells (A = 0.096 0.02, A = 0.076 0.01, and
A = 0.08 6 0.02, respectively). However, rh1+rh3 together
rescued ventral POL responses to wild-type levels (A = 0.29 6
0.02). Other combinations did not show this effect, and hth-
GAL4 and rh6+DRA-GAL4 failed to rescue ventral POL behavior.
Thus, specific synergy between R1–R6 and rh3-expressing R7p
cells is required for a robust ventral UV POL response.

In contrast, under a green POL stimulus (Figure 6B), robust
behavior was observed upon rescue of R1–R6 function (A =
0.24 6 0.03). The QWP abrogated the behavioral response,
both for wild-type, as well as rh1-norpA rescued animals,
and rotation of the QWP by 45� again restored behavior. As ex-
pected, rescue of R7 cells, which cannot detect green light,
was never sufficient (A = 0.00 6 0.03). To our surprise, rescue
of either R8 photoreceptor subtypes was sufficient to mediate
ventral polarotaxis (AR8p = A = 0.196 0.01; AR8y = 0.106 0.01).
Thus R1–R6 and R8 cells are sufficient to mediate responses
to polarized green light presented ventrally.

To estimate PS of ventral R1–R6, we measured their twist
functions (Figure 6C) in 17 ommatidia from three ventral
groups. Whereas average estimated PS in R1–R3 was <2
(PSR1 = 1.7 6 0.4, PSR2 = 1.7 6 0.4, PSR3 = 1.8 6 0.6, n = 17),
PS in R4–R6 was enhanced (PSR4 = 3.0 6 0.9, PSR5 = 2.8 6
0.7, PSR6 = 2.4 6 0.4, n = 17). Thus, ventral R4–R6 cells with
their reduced twist can serve as an additional retinal substrate
for ventral polarotaxis.

Discussion

We define the retinal substrates for both dorsal and ventral
polarization vision in Drosophila. The DRA is necessary and
sufficient for dorsal polarotactic responses, a result that
strengthens studies in other insects, concluding that this
region mediates responses to celestial polarized light [37–
39]. In addition, our work defines the retinal substrate for
responses to ventral polarotactic stimuli, as would occur
naturally by reflections from shiny surfaces like water or
leaves. Our work resolves the differences between previous
behavioral studies of polarotactic behavior in flies [23, 25]
by demonstrating that flies possess separate detectors to
respond to distinct wavelengths, and sources, of polarized
light.
A ventral POL region has previously been described in the

backswimmer Notonecta, which uses polarized reflections to
locate water bodies [6]. In this insect, inner photoreceptors
in a small ventral region form orthogonal analyzer pairs with
untwisted rhabdomeres much like a DRA [6]. Drosophila
uses a different strategy by exploiting the fact that photore-
ceptors with moderate or weak twist still provide enough PS
to serve as polarization analyzers. In this way, other visual
senses, such as the detection of motion and spectral cues,
should be affected only minimally by the polarization of light.
Hence, unlike Notonecta with its specialized ventral retina,
the generalist Drosophila incorporates ventral POL detectors
while preserving other critical visual capacities.
An interesting feature of this design is that different classes

of photoreceptors form ventral POL analyzers depending
on stimulus wavelength. In the UV range, R7p cells are neces-
sary for normal polarotactic responses; correspondingly, we
describe ventral R7 cells with moderate to high estimated
PS. However, our sufficiency experiments also revealed the



Figure 5. Moderate- and Low-Twist R7 Cells Exist in the Ventral Eye

Three different groups of ommatidia in the ventral eye (VA1, VA2, VA3). Rhabdomeres generally twist, but the amount of twist and the shape of the twist

functions differed between groups.

(A and D) Same as in Figures 2A and 2D. Scale bars represent 1 mm.

(B, C, E, and F) Same as in Figures 2B and 2C (same ommatidia as in line graphs G and H). White asterisks on some fans in (C) indicate that data for the

most proximal rhabdomere are missing. The following abbreviations are used: vfo, ventro-frontal; vco, ventro-caudal origin of ommatidial rows. Scale

bars represent 10 mm.

(G–I) Same as in Figures 2E and 2F.
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involvement of outer photoreceptors in polarization vision.
Whereas R1–R3 appear to be weakly polarization sensitive,
R4, R5, and possibly R6 show pronounced estimated PS due
to reduced rhabdomeric twist. These results are consistent
with intracellular recordings in Calliphora describing two
classes of R1–R6, one of which retains some PS, even in the
UV [40].

Whereas R4 to R6 with their pronounced PS provide a basis
for ventral polarotaxis via the outer photoreceptors, the con-
tribution of R8 is less clear. We found that R8 rhabdomeres
twist strongly and, thus, R8 cells are expected to have low
PS. In contrast, our behavioral tests demonstrate that R8 can
rescue polarotaxis in norpA mutants (Figure 6B). Consistent
with this, we found rare cases of very short R8 rhabdomeres
exhibiting small twist ranges and correspondingly high ex-
pected PS. However, we cannot exclude the possibility that
the apparent behavioral contributions of R8 could reflect
low-level expression of our driver lines in R1–R6.

In larger flies, R7y and R8y as well as R1–R6 contain a
UV-sensitizing pigment [13]. Because this molecule is not
covalently linked to the opsin protein, its function is indepen-
dent of microvillar orientation, thereby diminishing PS in the
UV range [40]. In addition, these cells contain a C40 carotinoid,
which both gives them their yellow appearance and induces
anomalous dichroism, which further reduces PS [13]. This
may explain why R7p, but not R7y, can mediate ventral UV
polarotaxis in Drosophila (Figure 4). Our data describe an
unexpected new role for ‘‘pale’’ ommatidia outside the DRA.
Moreover, the behavioral data confirm that in R1–R6 the
UV-sensitizing pigment does not completely eliminate PS in
the UV, as was previously reported [40]. The contributions
of the outer photoreceptors therefore become more
pronounced when polarized green light is presented. That
cellular contributions to ventral POL vision differ as a function
of wavelength is particularly interesting because reflections
from leaves contain much less UV (and more green light)
than reflections from water [6]. Hence, activation of distinct
combinations of photoreceptors might convey specific mean-
ings to the fly.
The combination of polarization-sensitive outer and inner

photoreceptors represents a new analyzer design, differing
from those described in the DRA and the ventral retina of
Notonecta [6]. In particular, our morphological data does not
reveal an orthogonal organization of ventral analyzers.
However, comparison between these channels might still
increase quality and robustness of the signal. Nothing is
known about the subtype-specific connectivity of R7p/R8p
and their postsynaptic partners, and no electrophysiological
data on polarization-opponent interneurons [41], or ‘‘compass
neurons’’ [42], exist in flies. By establishing Drosophila
as a model of polarization vision, our studies will enable
genetic screens using quantitative behavioral assays to allow
a complete dissection of the neural circuits involved in re-
sponding to this fundamental quality of light.
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Figure 6. Outer Photoreceptors R1–R6 Contribute to Ventral Polarotaxis

(A) NorpA rescue experiments (open bars and shaded bar control) were used to define photoreceptor subtype sufficiency for behavioral responses to

polarized UV light.

(B) Orienting responses to polarized green light in norpA rescue experiments. Alignment responses upon outer photoreceptors rescue (rh1-norpA) were

eliminated by the quarter wave plate and restored by rotating it 45�.
(C) Twist functions of receptors R1, R2, R4, and R5. Typical twist functions of each cell type in three ommatidia are shown. The twist functions of R4 and R5

are generally flatter than those of R1 and R2.

(D) Polarization sensitivity (PS) of receptor types R1–R8. PS of samples of 4, 5, and 8 ommatidia in three different eyes are shown. Black circles indicate

average PS. Note that R4, R5, and R6 have higher PS than R1–R3.

(E) Model summarizing photoreceptor contributions to linearly polarized stimuli presented to the dorsal or the ventral retina, respectively. Left panel shows

that insects encounter linearly polarized light originating from atmospheric scattering or from reflections off of shiny surfaces such as water. Middle panel

shows a schematic representation of the dorsal half (top) or ventral half (bottom) of the fly retina (necessary ommatidia are labeled red), followed by

a schematic representation of photoreceptor classes in these ommatidia (photoreceptors that provide input to UV polarotaxis, green polarotaxis, or

both behaviors are shown in violet, green, and blue, respectively). Right panel shows photoreceptor types providing behavioral contributions. Behavioral

output is symbolized by a sinusoid function, and synergistic interactions between photoreceptor subtypes are symbolized by a ‘‘+’’ sign.

All error bars represent 6 1 SEM; *p < 0.05, **p < 0.01, ***p < 0.001. The following abbreviation is used: ns, not significant.
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Experimental Procedures

Fly Stocks

The following fly stocks were provided: Oregon R, norpA [36], UAS-

CD2:HRP on II, rh3-Gal4 on II, rh4-Gal4 on II, rh5-Gal4 on II, rh6-Gal4 on II

(FlyBase, Indiana), UAS-shibirets on II and III (B. Baker, Stanford/Janelia

Farm), rh1-Gal4 on X (J. Treisman, New York), rh2-Gal4 on II (A. Brand,

Cambridge), rh3+rh4-Gal4 on II, rh5+rh6-Gal4 on II, hth-GAL4 (C. Desplan,

New York), rh1-NorpA on III (R. Shortridge, Buffalo), UAS-CD8:GFP on
X and II (C. Potter, Stanford/Baltimore), and rh6+DRA-GAL4 on II (T.

Cook, Cincinnati).
Generation of UAS-norpA Transgenes

A w900 bp 50 fragment was PCR-amplifed from VDRC full-length comple-

mentary DNA clone GH28834 (primers: 50-TGACGAATTCGGTACCGTG

CAGGGCAACGGAAACGGAAGCGTC-30, and 50-CAACGTTTCTCCTCGTA

GAGAGGGTA-30). This product was cut with EcoRI/SacII and ligated into
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pUAST (EcoRI/XhoI) together with a w2.5 kb SacII/XhoI fragment excised

from GH28834.

Immunohistochemistry

Brains were fixed for 45 min in 2% paraformaldehyde and blocked in

10% normal goat serum, then incubated with 1:10 mouse anti-24B10

(Developmental Studies Hybridoma Bank), 1:2,000 chicken anti-GFP

(Abcam), and 10% normal goat serum and detected with goat-anti chicken

Alexa 488 (Invitrogen) and goat anti-mouse Alexa 594 (Invitrogen) at a

1:200 dilution.

Behavior

All stocks were maintained onmolasses, under 12:12 light/dark cycles, with

circadian temperature changes between 18�C and 25�C, under 45%–60%

humidity. Sixty-six mated female flies were collected 1–3 days after eclosion

and sorted onto fresh food. After 2 days, flies were tested within 3 hr of

the onset of light or 4 hr before the offset of light. All experiments were

performed at 34�C.

Experimental Setup

An unpolarized light source (see below) illuminated a filter set consisting of

a polarizer and a diffuser (polarizer/diffuser pair), which was rotated by

a computer-controlled motor (software: NMC Simple Sequencer, Jeffrey

Kerr). Within a large temperature-controlled (Peltier device) chamber, 66

flies were contained in a small arena formed by a heavily sanded plexiglass

ring (Ø = 7.5 cm, height = 2.5 cm) between two plates of UV-transparent

plexiglass. The distance from polarizer/diffuser pair was 3.5 cm for flies

walking on the ceiling of the arena and 6 cm for those on the floor. The arena

was surrounded by infrared LEDs (880 nm), and flies were filmed from

below. Tracking software extracted the position and orientation of each

individual fly in real time, at a rate of 30 Hz [22].

Stimulus

The light of an EXFO X-cite exacte DC light source passed one of three

bandpass filter combinations. UV: Schott UV1 (365 6 10 nm) + Thorlabs

FGB37S, BLUE: Newport 20BPF10-460 (460 6 10 nm) + FGL435S, or

GREEN: Newport 20BPF10-510 (510 6 10 nm) + FGL435S. All stimuli were

calibrated with an Ocean Optics USB 2000 spectrophotometer. Polarizer

(HN42HE, Polaroid) and diffuser (two sheets of tracing paper: ‘‘Transparent-

papier,’’ Max Bringmann KG, Germany) were illuminated through a 35 mm

Zeiss collimating adaptor. The light stimulus was either linearly polarized

or unpolarized depending on which side of the polarizer/diffuser pair faced

the flies. The stimulus aperture was limited to 5 cm using a black plastic

sheet with circular opening. Only flies walking directly under this aperture

were tracked.

Metrics

A value: The alignment metric, A, for quantification of the behavioral

response is extracted in several steps. (1) All fly angular headings during

the stopped epochs for a given experiment are binned in 2� increments

from 0 to 2p and transformed into a probability distribution. (2) This proba-

bility distribution was fitted to A3cos(23q+4)+b (where q is the fly heading

angle, 4 the phase shift of the cosine function, and b is the offset). (3) A

percent modulation (PM) = amplitude/mean (probability) was then calcu-

lated. (4) A value = PM 3 cos(4). Thus, if the phase shift 4 is zero, then

the A value equals the PM. However, if 4 is shifted, then the A value

decreases. Inspection of the polar histograms revealed that the amplitude

of the modulation (the strength of the behavioral response) was invariably

coupled to the phase of the cosine function. That is, we never observed flies

to align precisely at any position other than parallel to the e-vector.

Morphology

For electron microcopy (EM) of the dorsal-most retina, the eyes of wild-type

Drosophila (Oregon R) were split in the horizontal plane. The dorsal eye

halves were fixed with 2% glutaraldehyde in 0.05 M Na-cacodylate (pH

7.2) for 2 hr at 4�C and postfixed with 2% OsO4 in 0.05 M Na-cacodylate

(pH 7.2) for 2 hr at 4�C, followed by dehydration with 2,2 dimethoxypropane,

and embedded in Epon 812. Silver sections were stainedwith uranyl acetate

and lead citrate.

Tangential sections of groups of identified ommatidia were taken at 5 mm

intervals and photographed in the electron microscope. Microvilli orienta-

tions were measured relative to a straight line through the rhabdomere

centers of R1 and R3 as a reference. Twist functions were obtained by

graphing microvilli orientation versus retinal level.
Supplemental Information

Supplemental Information includes three figures, Supplemental Results,

and Supplemental Experimental Procedures and can be found with this

article online at doi:10.1016/j.cub.2011.11.028.
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