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Abstract Many arthropods including insects and spiders
exploit skylight polarization for navigation. One of the four
eye pairs of the spider Drassodes cupreus is dedicated to
detect skylight polarization. These eyes are equipped with
a tapetum that strongly plane-polarizes reflected light. This
effectively enhances the polarization-sensitivity of the
photoreceptors, improving orientation performance. With a
multidisciplinary approach, we demonstrate that D. cup-
reus exploits reflective elements also present in non-
polarizing tapetal eyes of other species such as Agelena
labyrinthica. By approximately orthogonal arrangement of
two multilayer reflectors consisting of reflecting guanine
platelets, the tapetum uses the mechanism of polarization
by reflection for polarizing reflected light.
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R, Reflection of light oscillating orthogonal to the
plane of incidence
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P, Degree of polarization

0; Angle of incidence on the reflector (relative to

the normal on the reflector)
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o Angle of illumination of the eye (relative to the
symmetry plane in the long axis of the eye)

® Angular orientation of e-vector

m Refractive index of low index material

ny Refractive index of isotropic high index
material

ny, ny, h, Refractive indices of birefringent high index
material

n, Refractive index of air

ne Refractive index of cornea

Introduction

Polarized skylight provides polarization-sensitive organ-
isms with a useful reference for a visual compass, which
can be employed for navigation tasks in the context of path
integration, or for keeping a cruising course during a
journey (Wehner and Labhart 2006). Sunlight scattered in
the atmosphere results in partially plane-polarized skylight.
Following the rule of first-order Rayleigh scattering, as a
first approximation the celestial polarization pattern is
defined by the following principle: The prevailing oscilla-
tion plane (e-vector orientation) is oriented orthogonal to
an imaginary straight line connecting an observed point in
the sky with the sun (Strutt 1871; Suhai and Horvath 2004).

A prerequisite for polarization vision is an array of
photoreceptors that are sensitive to e-vector orientation.
The microvillar photoreceptors of arthropods are inherently
polarization-sensitive because the dipole axes of the visual
pigment molecules are aligned more or less parallel to the
long axis of the microvilli. As a result, plane-polarized
light is maximally absorbed when the e-vector orientation
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is parallel to the long axis of the microvillus axis
(Israelachvili and Wilson 1976; Goldsmith and Wehner
1977; Hardie 1984). However, the high polarization sen-
sitivity of the microvillus can be exploited by the whole
photoreceptor only if the microvilli of the cell are exactly
or nearly parallel to each other (avoiding randomizing
effects) and if the rhabdom is reasonably short (avoiding
self-screening) (Wehner et al. 1975; Nilsson et al. 1987).
Such photoreceptors form the basis of polarization vision.

The neural mechanisms of polarized skylight navigation
have been studied mainly in insects, where polarization
vision appears to be mediated by just a small part of the
compound eye, the dorsal rim area (DRA) (Labhart and
Meyer 1999, 2002; Horvath and Varji 2004; Wehner and
Labhart 2006). The DRA has special properties: (1) the
visual field of the DRA is directed to the sky; (2) the
microvilli forming the rhabdoms of the photoreceptors are
aligned parallel to each other, and consequently the
receptors are strongly polarization sensitive; (3) in each
ommatidium, the photoreceptors come in two sets having
their microvilli oriented about 90° to each other, i.e., they
are tuned to mutually orthogonal e-vector orientations. This
arrangement serves polarization-opponency, which further
enhances polarization sensitivity, and discounts informa-
tion on light intensity. Polarization vision has also been
demonstrated for a number of spiders. Using behavioral
observations, direct experimental or circumstantial evi-
dence suggests that spiders also exploit skylight polariza-
tion for navigation (Papi 1955; Gorner 1962; Henton and
Crawford 1966; Dacke et al. 1999, 2001; Ortega-Escobar
and Muioz-Cuevas 1999).

Unlike insects, spiders are equipped with a set of (usu-
ally) eight simple eyes of the camera type (Homann 1971).
As demonstrated in a number of lycosid and agelenid
species, these spiders also use specialized photoreceptors
for polarized skylight detection (Melamed and Trujillo-
Cendz 1966; Schroer 1974; Kovoor et al. 1993; Dacke
et al. 2001). They are located in the ventral retina of the
principal eyes and, thus, are directed skywards (Dacke
et al. 2001). As in the insect dorsal rim area, all microvilli
of a receptor cell have the same orientation, indicating
strong polarization sensitivity. In addition, the ventral ret-
ina of these spiders contains two populations of cells with
mutually orthogonal orientations of the microvilli.

In contrast to lycosids and agelenids, the gnaphosid
spider Drassodes cupreus dedicates a complete pair of eyes
to polarized skylight detection (Dacke et al. 1999). Situated
on the dorsal surface of the prosoma, the postero-median
(PM) eyes of this spider have common dorsal fields of view
(Dacke et al. 2001). In each eye, the photoreceptor
microvilli are oriented parallel to each other, but the
microvillar orientation of the left and right eyes are per-
pendicular to each other. Thus, although morphologically
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different, the ventral part of the lycosid’s principal eyes,
and the secondary eyes of D. cupreus seem to be func-
tionally analogous to the dorsal rim area of the insect
compound eyes.

Unlike the principal eyes, the three pairs of secondary
eyes in spiders are equipped with a tapetum (Homann
1971). The tapetum of the PM eyes of D. cupreus is of the
canoe-shaped type consisting of two reflectors enclosing
the photoreceptor cells. Light reflected by the tapetum is
strongly plane-polarized, i.e., the tapetum acts as a pola-
rizer (Dacke et al. 1999). Since the prevailing e-vector of
the reflected light is oriented parallel to the microvilli of
the receptors cells, the intrinsic polarization sensitivity is
boosted, which in turn improves e-vector detection.

How does the polarizer work? In the present study, we
hypothesize that the polarizing effect is based on a simple
optical principle, the phenomenon of polarization by
reflection. To test this hypothesis, we compared measure-
ments of light reflection, carried out on intact eyes, with
theoretical data calculated for a model tapetum. Thus,
using micro-reflectometry we assessed the degree of
polarization of reflected light for different angles of inci-
dence and wavelengths. Providing the parameters for set-
ting up the model, histological examinations revealed that
the tapetum consists of two multilayer interference reflec-
tors forming a V-shaped groove with an angle of approxi-
mately 95° between them. Histochemical examinations
and high-performance liquid chromatography/mass spec-
trometry (HPLC/MS) analyses indicated that the high
refractive index layers of the multilayer stacks consist of
guanine crystals. The comparison between optical and
modeled data supports the thesis that the polarization of
light returned by the tapetum results from a double
reflection of incident light at the two reflectors of the
V-shaped tapetum, and no additional optical mechanisms
need to be invoked.

Materials and methods
Animals

Adult D. cupreus (Blackwall, 1834) specimens (Araneae,
Gnaphosidae) were collected near Baden (Switzerland).
Spiders were found sitting in their silky nests under flat
stones, where these nocturnal hunters spend the day. The
spiders were kept in the laboratory at 22°C under long-day
(L:D = 14:10) conditions. They were placed individually
in transparent polypropylene containers (140 x 105 x
110 mm, EJS Verpackungen AG, Schiipfen, Switzerland)
with a cast-in plaster ground, which was kept moist to
maintain almost 100% air humidity. Small holes in the
sides of the containers allowed air convection. The spiders
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built their nests under a piece of egg carton. They were fed
Drosophila flies and cricket larvae twice a week. For
comparative studies, Agelena labyrinthica (Clerck, 1757)
spiders (Araneae, Agelenidae) were collected on hedges on
the university campus and kept under the same conditions
as D. cupreus spiders.

Histology

The spiders were anesthetized with CO,. The frontal part of
the prosoma with the eyes was cut away with a razor blade
and placed in cold (4°C) 2.5% glutaraldehyde in 0.05 M
cacodylate-buffer (350 mOsm, pH 7.4). After 2 h fixation,
the preparations were washed in cacodylate buffer at 4°C.
Postfixation was at room temperature in 1.3% OsO, in
S-collidine buffer (pH 7.4) for another 2 h. After rinsing in
distilled water, followed by dehydration in 2,2-dime-
thoxypropane and acetone, the eyes were embedded in
EPON 812. The eyes were sectioned with a Reichert
Ultramicrotome Om U3. Semi-thin (2 pm) sections for
light microscopy were stained with methylene blue. Ultra-
thin sections for electron microscopy were mounted on
copper grids and either left unstained, stained with 0.7%
uranyl acetate only or stained with 0.7% uranyl acetate and
2.5% lead citrate at room temperature. Sections were
examined and photographed with a transmission electron
microscope (Zeiss EM 109).

Histochemistry

Previous authors reported that the crystal platelets forming
the reflective layer of the tapetum were broken away by
mechanical pressure during histological sectioning (Setog-
uti 1967; Frese 1978). To make sure that the crystals were
still in place, unstained sections were examined between
crossed polarizers before histochemical examination. To
identify the chemical nature of the crystals, which were
earlier claimed to consist of guanine (Land 2000; Schwab
et al. 2002), sections mounted on glass slides were treated
with Schmorl’s cyanoferrat method (Waldmann 1962)
previously used to identify guanine: sections were stained in
a 1:1 solution of 1% FeCl; and 1% potassium hexacyano-
ferrate(IIT) for 10 min and rinsed in distilled water.

HPLC/MS-analysis

Extracts of eyes were analyzed by means of high-pressure
liquid chromatography with UV-diode array detector,
online coupled to an electrospray ionization-mass spec-
trometry detector (HPLC-UV(DAD)-ESI-MS). Adult
D. cupreus specimens were anesthetized by CO, and the eyes
were dissected out and extracted in one of three ways: (1)
immersion in 100 pl 10% trifluor acetic acid (TFA) under

sonification at 50°C for 18 h; (2) immersion in 50 pl 10%
TFA under sonification at 50°C for 8 h; and (3) immersion
in 50 pul 10% TFA at 4°C for 18 h (without sonification).
Each sample either contained eyes with tapetum (antero-
lateral eyes: 1 sample; PM eyes: 1 sample; postero-lateral
eyes: 1 sample; all secondary eyes: 4 samples) or tissue
without tapetum (antero-median eyes: 4 samples; brain
tissue: 1 sample). After centrifugation of the samples, 5 pl
liquid was injected into the HPLC/MS-system. Guanine
and adenine solutions (1 ng/ul each) in 10% TFA were
injected as references. HPLC-ESI-MS analyses were per-
formed on an Agilent 1100 HPLC system (Agilent Tech-
nologies, Palo Alto, CA, USA) fitted with a HTS PAL
autosampler (CTC Analytics, Zwingen, Switzerland), an
Agilent 1100 binary pump, and an Agilent 1100 photo-
diode-array detector. The details of chromatographic and
MS conditions can be provided on request.

Optical examinations

Optical measurements were made with a Zeiss Photomi-
croscope 11, provided with axial epi-illumination (Fig. 1a).
A mercury short arc lamp (HBO; Osram HBO 50 W/AC)
equipped with a heat absorbing filter (HF) served as light
source. The wavelength range of the light was controlled by
introducing broadband filters (SF) with 50 nm half-width
(K40, K45, K50, K55 and K60, Balzers AG, Balzers,
Liechtenstein) into the light path. Diaphragms (FD1) of
different sizes in the light path were focused on the cornea in
order to illuminate one whole eye (Fig. 1d) or part of an eye
only (Fig. le). The intensity of light reflected from the eye
was measured with a photometer (PD; Photodiode 222 AUV
with Model 161 optometer, United Detector Technology,
Hawthorne, USA). A diaphragm (FD2) in front of the photo-
diode separated light reflected by the eye from stray light
(glare produced by the microscope’s optics). A linear pola-
rizer (analyzer; PA) in the exit beam could be rotated in
order to measure the reflection intensity as a function of the
plane of polarization. The microscope objective (OL) was a
Zeiss Luminar 16 mm/0.2. To take photographs of the eye,
the photodiode (PD), and the field diaphragm (FD2), were
replaced by a digital camera (NIKON Coolpix 990, NIKON
Corporation, Tokyo, Japan).

Live specimens of D. cupreus were fixed on a block of
wax, mounted in a goniometer placed under the micro-
scope, and the reflection intensities from the PM eyes were
measured. The spiders were oriented such that the long axis
of the observed eye (defined by the slit at the base of the
canoe-shaped tapetum, refer to Fig. 1b) was oriented
orthogonal to the plane formed by the light beam entering
the microscope and the optical axis of the microscope
(refer to Fig. la: the long axis of the schematic PM eye is
oriented orthogonal to the drawing plane). To minimize the
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Fig. 1 Measuring light reflection from the tapetum of the postero-
median eyes in Drassodes cupreus. a Schematic drawing of light
paths in the microscope used to measure reflected light. FDI, FD2
field diaphragms, HBO mercury lamp, HF heat-absorbing filter, HSM
half-silvered mirror, L lenses, MLS microscope lens system, OL
objective lens, PA polarization analyzer, PME postero-median eye,
PD photodiode, SF spectral filter. b Dorsal view of postero-median
eyes illuminated with zenithal unpolarized light. Double arrow
indicates e-vector orientation transmitted by the polarization analyzer
(PA in a), white line indicates section planes in ¢ and in Fig. 2;
R corneal reflection. Calibration bar 50 pm. ¢ Schematic

influence of the (unpolarized) bright reflection of the
incident light from the lens surface, the spider was slightly
tilted forward or backward along the long-axis of the eye,
such that the reflection from the lens moved out of the field
of view as much as possible. Two types of measurements
were performed: (1) measurements of reflection intensities
as a function of the angle of incidence and (2) as a function
of the wavelength of light.

Angle-dependent measurements

Reflection intensities were measured under different angles
of illumination (—45° to +45° with respect to the sym-
metry plane in the long axis of the eye; Fig. 1c) for green
light (broadband spectral filter, 4., = 550 nm). Maximal
and minimal reflections were sought by adjusting the plane
of polarization (by rotating the polarization analyzer), and
the measured reflection intensities (R,q) together with the
corresponding e-vector orientations ¢ were noted. Mea-
surements of light reflection from an aluminum mirror
oriented orthogonal to the light beam revealed some
polarization caused by the microscope’s optics. Therefore,
reflection intensities from the aluminum mirror (R,) were
measured at different e-vector orientations ¢. Based on
these data, a calibration curve was calculated that served to
correct the measured reflection intensities of the eye:
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tapetum. Note that the direction of a ray reflected by the tapetum
depends on whether an incoming ray first hits the left or the right
reflector (exemplified by the two different blue lines for the case of
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FD1 in a). d Illumination of whole eye width (included by yellow
circle), resulting in reflection from both sides of the tapetum (light
blue area). e lllumination of a small area on one side of the tapetum
(yellow area), resulting in reflection from the other side (light blue
area). The rest of the eye remains dark (dark blue areas)
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From the corrected minimal and maximal intensities, the
degree of polarization of reflected light P, was calculated as:
Rmax - Rmin

p, = —max — Zmin 2
Rmax + Rmin ( )

Rcor =

(1)

It cannot be excluded that the intrinsic polarization by
the microscope optics includes both linear and circular
components. However, our polarimeter system and the
spider’s photoreceptors are both linear polarization
analyzers and any circular components of the light beam
are disregarded by both systems.

Wavelength-dependent measurements

Reflection intensities were measured under zenithal (0°)
illumination using five broadband spectral filters with
peak transmissions at 400, 450, 500, 550 and 600 nm.
Transmission spectra of the filters were recorded and
convolved with the emission spectrum of the HBO lamp.
From the resulting curves, the barycenter of the area
under the curve was determined for each filter. The cor-
responding median wavelengths 4.,.q were 370, 440, 500,
550 and 580 nm. The measured reflection intensities were
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corrected and the degree of polarization P, was calculated
as above.

Data analysis

Optical data were analyzed by repeated measures ANOVA
tests with the two eyes of each individual and the angle of
incidence or the wavelength of light, respectively, as
within-subjects effects. Statistical analysis was conducted
with SPSS 11.0.4 for Mac OS X.

Mathematical modeling

The equations used for calculating reflection by a bire-
fringent multilayer stack as a function of the plane of
polarization are given in “Appendix”. From the reflection
intensities of p- (light oscillating parallel to the plane of
incidence) and s-polarized light (light oscillating orthogo-
nal to the plane of incidence; refer to Fig. 6b), the degree
of polarization was calculated as described above. Mathe-
matical modeling of the reflective system was performed
with MATLAB®7.1.0.183 R 14 Service Pack 3 with the aid
of the “Electromagnetic waves and antenna” toolbox
(Orfanidis 2008). The MATLAB code can be obtained on
request.

Results
Structure

The PM eyes of D. cupreus lie close together on the dorsal
surface of the prosoma pointing upwards. They have an
oval shape and an angle of approximately 90° between
their long axes (Fig. 1b). In contrast, the PM eyes of
A. labyrinthica have a circular shape (not shown), the long
axes of their tapetal ‘canoes’ are approximately parallel to
each other and the eyes point more sideways than the PM
eyes of D. cupreus.

Confirming previous findings (Dacke et al. 1999), in
tangential sections through the PM eyes of D. cupreus, a
regular arrangement of the photoreceptor rhabdoms is
observed. Almost all photoreceptors have their microvilli
oriented parallel to the long axis of the eye; they were
called “main receptors” (Dacke et al. 1999). In the middle
of the eye along the long axis, there are two receptors with
the microvilli orientated also parallel to the cornea but
orthogonal to those of the main receptors. We call them
“central receptors”; the previously used term “shallow
receptors” (Dacke et al. 1999) is not justified because we
found that these cells were not restricted to the distal retina
(Fig. 2a: CR). The retina does not contain any screening
pigment. In the PM eyes of A. labyrinthica, the

arrangement of the receptors and their rhabdoms is much
less regular (data not shown).

The lenses of the PM eyes of D. cupreus are not len-
ticular in shape but merely form slightly curved windows
(Fig. 2a: L; Dacke et al. 1999). Since the lenses lack
dioptric power, the eyes are incapable of producing a
focused image on the retina and the tapetum can directly be
observed in the intact eye without neutralizing the optics.
In contrast, the PM eyes of A. labyrinthica have well
developed lenses (Fig. 2b: L). The tapeta of the PM eyes in
D. cupreus and A. labyrinthica belong to the canoe-shaped
type (Homann 1971). In D. cupreus, the tapetum of the PM
eyes consists of two approximately flat mirrors forming a
V-shaped groove with an angle of approximately 95°
between the sides, as measured in light micrographs of
cross sections through the eyes (mean 4+ SD 94.6° +
12.0°; 14 spiders; Fig. 2a). In some eyes, one side of the
tapetum was found to be slightly curved. It is not clear
whether this is the native state or due to a slight defor-
mation during the histological process. According to Dacke
et al. (1999) the tapetum consists of “two flat mirrors...
with an angle of 90° to 100° between the sides”. In the PM
eyes of A. labyrinthica, both sides of the tapetum were
always curved forming a “U” rather than a “V”. In addi-
tion, the tapetum is less wide and thicker at some locations
than in D. cupreus (Fig. 2b).

To assess the optical properties of the tapetum in the PM
eyes of D. cupreus, electron micrographs of ultra-thin cross
sections through the eye were analyzed. The tapetum is
organized as a multilayer interference reflector in which
alternating thin layers of high and low refractive index (15—
20 each) are stacked one upon another (Fig. 3a: HL, LL).
Lying essentially parallel to each other, the arrangement of
these layers is very regular (Fig. 2c). In a multilayer
interference reflector, a portion of light is reflected at each
interface of two layers (Fig. 3d).

The high refractive index layers of spider tapeta were
proposed to consist of guanine crystals (Land 1985; Barth
2001). When we wanted to measure the thickness of the
crystals we found that in standard-stained ultrathin sections
for EM (using uranyl acetate and lead citrate), the crystals
seemed to be dissolved, leaving only empty cavities
(Fig. 3b: Ca). These cavities varied in width, making it
impossible to estimate the thickness of the crystals they
originally contained. The problem of reflective crystal
wash-out from iridophores and guanophores was also
described by other authors (Kawaguti and Kamishima
1966; Setoguti 1967; Rohrlich and Porter 1972; Seitz 1972;
Frese 1978). However, in unstained sections the guanine
crystals remained intact (Kawaguti and Kamishima 1966;
Setoguti 1967). By leaving ultra-thin EM sections
unstained, we also found the crystals intact (Fig. 3c: C),
although to variable degrees. But with 57.5 & 11.5 nm
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Fig. 2 Cross sections through the postero-median eyes of the spiders
Drassodes cupreus (a, ¢) and Agelena labyrinthica (b, d). a, b Light
micrographs of whole eyes. Co cornea, CR central receptors, L lens,
MR main receptors, T Tapetum. The microvilli of the main receptors
are orthogonal to the plane of the page, those of the central receptors

(mean £ SD) crystal thickness was quite constant. With
114.6 + 37.2 nm the cytoplasmic spaces were somewhat
more variable. The measurements were made on 440
crystals and spaces on 22 sections (20 measurements for
every section) obtained from four D. cupreus spiders.

The arrangement of the layers forming the tapetum in
the PM eyes of A. labyrinthica was less regular than in
D. cupreus in two aspects. (1) The stacks of layers changed
their orientation from the central part of the tapetum
toward the lateral rim because of the curvature of the
tapetum. (2) The layers were sometimes not stacked per-
fectly parallel on top of each other (Fig. 2b, d).

Reflective material
As observed on semi-thin sections between crossed polari-

zers, the obviously birefringent crystals forming the
tapetum in the PM eyes of D. cupreus were still in place
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are parallel to it. Sections stained with methylene blue. Calibration
bar 20 pm. ¢, d Electron micrographs of tapetum. Sections stained
with uranyl acetate and lead citrate. Rh rhabdom, P pigment granules,
T tapetum. Calibration bar 2 pm

after the process of fixation and histological sectioning.
This could be seen best in unstained sections, but also in
sections stained with methylene blue the crystals were still
visible (Fig. 4a). The same was observed in the PM eyes of
A. labyrinthica (data not shown). Thus, such sections were
suitable for histochemical approaches to identify the nature
of the reflective tapetal material. In animal multilayer
reflectors, the high-refractive index layers can be composed
of guanine, hypoxanthine, chitin or protein (Land 1972,
1981; Herring 1994). In spiders they have been claimed to
consist of guanine crystals (Land 1985; Barth 2001;
Schwab et al. 2002). To obtain reliable refractive index
values for computer modeling, we tested this view by
treating semi-thin or thick cross sections through the PM
eyes of D. cupreus with a histochemical procedure previ-
ously used to identify guanine. Schmorl’s cyanoferrat
method (Waldmann 1962) slowly stained the tapetal
material with a light blue color (Fig. 4b). According to the
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Fig. 3 Electron micrographs of cross-sections through the tapetum of
the postero-median eyes of D. cupreus. a, b Sections stained with
uranyl acetate and lead citrate. Ca cavities, CP cytoplasm, HL high
refractive index layer, LL low refractive index layer, MV microvilli of
the main receptors. Calibration bar 0.5 pm (a) and 0.1 pm (b). ¢
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£r 105 .
e v 0.0 §
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Fig. 4 Properties of the crystals in the high refractive index layer of the
tapetum in the postero-median eyes of D. cupreus. a Light micrograph
of a cross-section viewed between incompletely (<90°) crossed
polarizers. Under these conditions, the material of the high refractive
index layer appears bright due to birefringence while the surrounding
tissue is dark but still visible. Calibration bar 10 pnm. b Light
micrograph of a cross-section stained with Schmorl’s cyanoferrat
method. With (unpolarized) brightfield illumination the crystals appear
blue. Calibration bar 10 pm. ¢, d Mass spectrometric data of the
purines adenine and guanine in extracts of different eye types of
D. cupreus. Y-axis indicates absorption (arbitrary units). ¢ Extract of
two principal eyes (antero-median eyes lacking a tapetum). d Extract
of six secondary eyes (two postero-median, two postero-lateral, two
antero-lateral eyes containing a tapetum). Note the large difference
between guanine-to-adenine ratios in the two eye types

Unstained section. C crystals, CP cytoplasm. Calibration bar 0.1 pm.
d Schematic drawing of a multilayer reflector. Arrowed lines indicate
incident, reflected and transmitted light beams, ny,, n; refractive
indices of high and low refractive index layers, dj,, d; thicknesses of
high and low refractive index layers, 60; angle of light incidence

protocol, guanine should indeed be stained light blue very
slowly by this method, whereas uric acid and urates are
immediately stained dark blue, xanthine is gradually
stained blue, and other purines like adenine and hypoxan-
thine show no effect at all (Waldmann 1962).

To supplement the histochemical test, we also used a
HPLC/MS approach to assess the nature of reflective tap-
etal material. The rationale behind this analysis is that in
ordinary tissues the relative amount of guanine and adenine
(G/A ratio) is constant for different organs of an organism
(Chargaff 1963) because each cell shares the same DNA.
Tissues containing additional, non-DNA guanine are
expected to show increased G/A ratios. All five samples of
tissue without tapetal material had G/A ratios <1 (ranging
from 0.5 to 0.9). All except one of seven samples con-
taining eyes with tapetum showed G/A ratios >1 (ranging
from 2.0 to 16.3; exception: 0.4), which is significantly
higher than in non-tapetal tissue (Mann—Whitney U test,
n=12, z = —-2.034, P = 0.042). These data are exem-
plified for the extracts of two principal eyes (Fig. 4c) and
of six secondary eyes (Fig. 4d).

Thus, as indicated by both tests, the high-refractive
index layers of spider tapeta seem indeed to consist of
guanine crystals.

Optical properties
Light reflected by the PM eyes of D. cupreus is partially

polarized, containing a strong linear component. Any cir-
cular components are invisible to both the polarimeter
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Fig. 5 Intensity and polarization of light reflected by the tapetum of
the postero-median eyes of D. cupreus at different angles (a—c
Amed = 550 nm) and wavelengths (d o = 0°) of incident light.
Symbols and lines indicate measured and modeled data, respectively.
Dashed-dotted lines refer to isotropic model, continuous lines and
dashed lines to birefringent model with purine molecules oriented
parallel and orthogonal to the broad side of the crystal platelets,
respectively. a Intensity of reflection Ry (maximal reflection, filled
circles) and R, (minimal reflection, empty circles) obtained from
whole-eye measurements (see Fig. 1d). The upper family of curves

system and the microvillar photoreceptors of the PM eyes.
When observing the reflection for different planes of
polarization by using a linear polarizer (analyzer) in the
exit beam path of the microscope, it is strongest for
e-vector orientation parallel to the long axis of the eye (R;)
and weakest for e-vector orientation orthogonal to it (Rp)
(Fig. 1b). If the eye is illuminated with white light, the
former reflection appears bright blue to white, whereas the
latter is of dark blue color. The intensity of reflected light
was measured with a radiometer for different e-vector
orientations, and from the reflection intensities R, and Ry,
the degree of polarization P, was calculated (see “Mate-
rials and methods™).
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gives modeled data for Ry, the lower one for R;,. Modeled data do not
take in account light reflection at the air/cornea interface, but curves
including cornea reflection are almost identical (not shown). b Degree
of polarization P, calculated from measured (filled circles) and
modeled (lines) R, and R, values in a. Modeled data do not include
effects of cornea reflection. ¢ Degree of polarization P, at different
angles of incidence. Modeled data include effects of cornea reflection.
d Degree of polarization P, at different wavelengths. Modeled data
including and excluding cornea reflection are identical

Reflection intensities were measured under two aspects.
(1) With an angle of illumination « varying between —45°
and +45° and a constant wavelength (A,.q = 550 nm). (2)
With varying wavelength A under a constant angle of
illumination o = 0°. Note that the angles o given here are
relative to the symmetry plane along the long axis of the
eye and do not indicate angles of incidence relative to the
multilayer stacks. Thus, assuming the two multilayer stacks
to be ideally flat with an angle of 95° between the sides, an
angle of +15° would correspond to an incidence angle of
either 27.5° (0;, = 42.5° — a) or 57.5° (0;, = 42.5° — w)
on the first stack (depending on whether the left or right
side is defined as the “first” stack) and 67.5° or 37.5° on
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the second stack (0,, = 95° — 0;;; see Figs. lc, 6c).
Measurements were performed on 8 PM eyes of 4 spiders
for the angle-dependent measurements, and on 9 PM eyes
of 5 spiders for the wavelength-dependent measurements.

Angle-dependent measurements

Figure 5a (circle symbols) shows the reflection of green
light (Aneq = 550 nm) from PM eyes of D. cupreus for
both orientations of polarization (R, R;,) as functions of the
angle of illumination o. The strongest reflection for both
e-vector orientations parallel (R,) and orthogonal (R;,) to
the long axis of the eye was obtained with illumination
angles o of —40° and +40° (R, = 0.83 £ 0.07, R, =

<« Fig. 6 Parameter definitions for modeling reflections and polariza-

tion properties of the tapetum in the postero-median eyes of
D. cupreus. a Three possible orientations of guanine molecules in
the crystal platelets. Planar molecules (molecule plane in white) can
be oriented randomly, parallel or orthogonal to the broad face of the
crystal platelets (gray). b A beam of light entering from an isotropic
low refractive index layer (n;) to a birefringent high index layer
(ny, ny, n,). The orthogonal optic axes of the birefringent high index
layer coincide with the layer axes (x, y, z). If the incidence plane is the
x—z-plane, light polarized along the y-axis has its electric field
orthogonal to the plane of incidence (E) and is called s-polarized
light. Light polarized in the x—z-plane has its electric field parallel to
the plane of incidence (E,) and is called p-polarized light. Adapted
from Weber et al. (2000). ¢ Schematic drawing of the modeled
tapetum used to calculate reflection and polarization. The drawing
plane corresponds to the plane of incidence (x—z-plane), the y-axis is
oriented orthogonal to the drawing plane, n, refractive indices are,
therefore, not shown. High index layers are shown in gray. The
decreasing length of the double arrow E, representing the direction of
the electric field parallel to the plane of incidence indicates
qualitatively the increasing s-polarization

0.84 + 0.07) (mean £ SD). In this case, reflection was
essentially from one side of the tapetum only, with normal
light incidence on either reflector. Minimal reflection for Ry
was at about —15° (R, = 0.47 & 0.04) and +20° (R, =
0.41 £ 0.06), and for R, between 0° and +10° (Rp =
0.14 £ 0.02). Differences between left and right eyes are
not significant (repeated measures ANOVA, R;: Fi3 =
2.042, P=10.248; Ry F,3=0.314, P =0.615), and,
therefore, reflection intensities from left and right eyes of
each individual were averaged.

The highest degrees of polarization P, were observed
with zenithal illumination (o« = 0°; Fig. 5c). P, values of
up to 0.67 (P, = 0.55 & 0.07) were obtained if the whole
eye was illuminated (see Fig. 1d). For partial illumination
(Fig. le), we measured P, values of up to 0.89. Previous
authors give a P, value of 0.68 for the PM eyes of
D. cupreus (Dacke et al. 2001). With increasing illumination
angles, the P, values decreased reaching a minimum at
+45°. At these angles, the P, values even became slightly
negative because R, exceeded R;.

Wavelength-dependent measurements

The polarizing properties of the tapetum at different
wavelengths (4,.q) were examined under zenithal illumi-
nation (o« = 0°). The degree of polarization P, was weakest
at 370 nm (P, = 0.35 & 0.06) increasing toward longer
wavelengths and reaching P, = 0.60 & 0.10 at 580 nm
(Fig. 5d).

Mathematical modeling
For modeling the reflective and polarizing properties of the

PM eyes of D. cupreus, we assumed the two multilayer
stacks forming the sides of the tapetum to be exactly flat
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with an angle of 95° between them. In the model, each of
the two multilayer stacks contains 20 high refractive index
layers embedded in cytoplasm. Crystal thickness values
were computed randomly, following a normal distribution
based on the mean value and standard deviation measured
in unstained EM sections. Cytoplasmic space thicknesses
were also computed randomly, following a log-normal
distribution since the distribution of measured space
thickness was skewed. We modeled 200 different stacks,
and the resulting reflection and polarization data were
averaged.

The refractive index for the cytoplasmic spaces was set
to that of water, n; = 1.33 (Land 1972). For the birefrin-
gent crystals (see Fig. 4a), we had to use three different
refractive index values associated with the three crystal
axes. Thus, the tapetum actually consists of birefringent
multilayer reflectors. The refractive indices applied (1.85,
1.80 and 1.46 for all wavelengths) are actually not the
values for pure guanine but of a mixture of 76% guanine
and 24% hypoxanthine, as found in crystal platelets of the
scales of the herring (Greenstein 1973). Crystal platelets
from other fish differ in this ratio but guanine is always the
main component (Greenstein 1973) and the refractive
indices always fall between the limits of pure guanine
(1.93, 1.91 and 1.468) and pure hypoxanthine (1.85, 1.78
and 1.42). Applying different triplets of refractive indices
in this range for comparison, did not significantly change
the reflection and polarizing properties of the model tape-
tum (data not shown).

However, it is essential how the planar purine mole-
cules, and, therefore, the crystal axes, are oriented with
respect to the surface of the crystal platelets. In fish scales,
the planar purine molecules lie essentially parallel to the
broad face of the crystals in the x—y-plane (henceforth
called the “parallel case”; Fig. 6a, middle sketch), result-
ing in n, = 1.85, ny, = 1.80 and n, = 1.46 (Greenstein
1973; Levy-Lior et al. 2008). For normal light incidence on
the plate (0; = 0°) along the z-axis, reflection is high for
light oscillating both along the x-axis and the y-axis since
the refractive index differences between crystal and cyto-
plasm is high for both e-vector orientations (1.85 vs. 1.33
along the x-axis, 1.80 vs. 1.33 along the y-axis). This makes
the crystal a good reflector. In contrast to fish scales,
synthetic crystalline platelets of organic substances with
planar molecules mostly consist of molecules oriented
orthogonal to the broad face of the platelets in the y-z-
plane (“orthogonal case”; Fig. 6a, right sketch), a condi-
tion that is also obtained when guanine-hypoxanthine
mixtures are crystallized in vitro (Greenstein 1973; Levy-
Lior et al. 2008). In the orthogonal case (n, = 1.46,
ny = 1.80, n, = 1.85), reflection for normal incidence
along the z-axis remains high for light oscillating along the
y-axis, but for polarization along the x-axis, reflection is
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reduced because the refractive index difference along the x-
axis is small (n, = 1.46 vs. n; = 1.33). This results in
polarization of reflected light incident normal to the surface
of the reflector.

For obliquely incident light with the plane of incidence
in the x—z-plane (Fig. 6b), light polarized along the y-axis
corresponds to s-polarization (e-vector orthogonal to plane
of incidence) and the reflection only depends on ny,
whereas the reflection of p-polarized light (e-vector parallel
to plane of incidence) depends on both n, and n, (Weber
et al. 2000). For the orthogonal case, s-polarized light is
strongly reflected whereas for p-polarized light reflection is
weak. For the parallel case, this difference is much smaller.

We ran the model for both cases of molecule orientation.
The plane of illumination was always the x—z-plane; the
long axis of the model eye corresponds to the y-axis
(Fig. 6¢). We also ran the model for isotropic high index
layers with n, = ny = n, = 1.83 (Fig. 6a, left sketch), a
model previously chosen by several authors (e.g., Denton
and Land 1971; Land 1972; McKenzie et al. 1995).

The model simulated reflection and polarization data
under the same conditions as measured optically: (1) with
angles of illumination o varying between —45° and +45°
and a constant wavelength A (averaged between 525 and
575 nm). (2) With varying wavelength A at a constant angle
of illumination « = 0°. Because of the aforementioned
ambiguity concerning incidence angles 0;; and 6;, with
respect to the angle of illumination o (refer to Fig. 1c), we
calculated both possibilities and averaged the resulting
reflection intensities.

The angle-dependent polarization data of the model
(Fig. 5b) show a roughly bell-shaped curve in the isotropic
case. In the birefringent cases, the shape of the curve is
more complicated, with multiple maxima and minima. In
the orthogonal case, a substantial polarization is main-
tained over the whole range of incidence angles because Rj
remains low for any angle of incidence. In the parallel case,
P, values rapidly drop for incidence angles larger than
+20°.

Polarization by reflection at the interface between air
(n, = 1.00) and cornea (n, = 1.40) (Blest et al. 1981)
attenuates the polarizing effect of the tapetum at all illu-
mination angles o (except 0°) since s-polarized light is
reflected away and, therefore, light entering the eye is
already p-polarized to some degree, depending on o. Fig-
ure Sc shows the polarization P, of reflected light for dif-
ferent o values including this cornea effect. The cornea was
assumed to be flat; including the slight curvature had no
substantial influence (data not shown). The cornea effect is
strongest for large o values approaching Brewster’s angle
between air and cornea of 54°. The cornea effect results in
rather similar, roughly bell-shaped P, functions for all, the
isotropic, parallel and orthogonal cases of the model.
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The spectral data of the model (Fig. 5d) show that the
otherwise quite constant degree of polarization P, decrea-
ses below 450 nm for the birefringent cases of the model.
In contrast, in the isotropic case, polarization remains at
extremely high levels (almost 1) over the whole range of
wavelengths evaluated. Comparing modeled angle-depen-
dent P, values of reflected UV (325-375 nm) and green
light (475-525 nm), we found that P, is always higher in
the green for all cases of the model and all angles of illu-
mination (data not shown).

Discussion
Angular properties of the tapetum

For the reflections R, measured and modeled data agree
fairly well. Both show maxima at large angles of illumi-
nation o and broad minima for small angles (Fig. 5a; closed
symbols and upper family of curves). Regarding the R,
values, the overall U-shaped course of the measured data is
compatible with the model for the isotropic and parallel
case (Fig. 5a; open symbols, and continuous and dash-
dotted curves), but measured reflections are always stron-
ger than modeled. This could be an effect of the
unavoidable, unpolarized reflection of incident light on the
cornea surface. However, the strong increase of measured
Ry, values with increasing angles of illumination disagrees
with the orthogonal case, where reflection of p-polarized
light should remain low for all angles (Fig. 5a; dashed
curve).

Regarding the degrees of polarization P;, both modeled
and measured data follow bell-shaped angular functions.
But the model generally predicts substantially higher val-
ues than actually measured optically. This is not unex-
pected for the following reasons. (1) Measured P, values
are lower than the real ones because the unpolarized cor-
neal reflection influenced the reflection data, thus reducing
the P, values calculated from them up to an estimated 20%
depending on the preparation and the angle of illumination.
(2) The modeled P, values are higher than the real ones
since the model is based on two perfectly flat multilayer
stacks oriented at exactly 95°, an ideal condition which is
probably not met in reality. In addition, the model excludes
estimations of selective absorption of s-polarization by the
main receptors.

In addition to the modeled data presented above, we
have varied some parameters, i.e., we used different
refractive index triplets by varying the guanine/hypoxan-
thine ratio, we tried every possible permutation of ny, n,
and n, and changed the angle between the two sides of the
tapetum. None of these changes led to a closer fit between
model and measurements (data not shown).

The presence of two flat multilayer reflectors oriented
roughly orthogonal to each other suggested to us that the
polarizing action of the tapetum is due to polarization by
double reflection. Using a computer model of the tapetum,
the polarization observed in the intact eye could indeed be
simulated. Differences between observed and modeled
degrees of polarization can be explained by polarization-
reducing influences in the optical measurements, and the
assumption of ideal geometrical conditions in the model.
We, therefore, believe that apart from polarization by
reflection no additional polarizing mechanisms need to be
invoked.

Spectral properties of the tapetum

With a decrease of polarization P, toward short wave-
lengths, both measured and modeled data for the birefrin-
gent cases qualitatively agree and are also in accordance
with the observation that the tapetal reflection viewed
through a polarizer with the e-vector transmission axis
orthogonal to the eye long axis appears dark blue (Fig. 1b).
As in the angular case, the model predicts higher P, values
than actually measured, which can be explained by the
same polarization-reducing effects.

Orientation of guanine molecules

For the model tapetum, we have considered three possi-
bilities of orientation for the guanine molecules composing
the tapetum, i.e., parallel, orthogonal or random with
respect to the broad face of the crystal platelets. Do our
data indicate which one of these options is actually
implemented in the PM eyes of D. cupreus? The P, values
of reflected light measured for different illumination angles
o follow a bell-shaped function. All modeled P, functions
are also largely bell-shaped, provided that the reflection of
light at the air/cornea interface is included (Fig. 5c¢), not
allowing any conclusion. However, the birefringence of
guanine crystals, which can be directly observed in histo-
logical sections between crossed polarizers (Fig. 4a) rules
out the presence of isotropic high index layers. The fol-
lowing data support the parallel rather than the orthogonal
case of the model. (1) The strong increase of measured R,
values with increasing angles of incidence contradicts the
orthogonal case (Fig. 5a). (2) As found in scales of fish, in
other biological reflectors the planar purine molecules in
reflective crystals are also oriented parallel to the broad
face of the crystal platelets (Greenstein 1973; Levy-Lior
et al. 2008).

Although in the orthogonal case reflected light is
polarized slightly more strongly (Fig. 5c; model data in
+15° range), parallel molecular orientation makes the
tapetum a better reflector for normal incident light (Fig. 5a;
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model data at £45°). Spiders were among the first preda-
tors on land and can be traced back to the middle Devonian
period according to the fossil record (Coddington and Levi
1991). This was before the evolution of flying insects
(Brodsky 1994), which many modern spiders entrap in
their webs. Hence, prehistoric spiders probably hunted their
prey much like hunting lycosid spiders of today and
developed their tapeta to allow them to take advantage of
nocturnal conditions (Schwab et al. 2002). Thus, the tapeta
in spider eyes probably evolved to reflect as much light as
possible and not to polarize it as strongly as possible.

Ecophysiological considerations

The PM eyes of D. cupreus are non-imaging visual systems
because the lenses are reduced to flat windows directly
overlying the photoreceptors and because screening pig-
ment optically separating the photoreceptors from each
other is missing. All photoreceptors must, therefore, have
extremely wide, overlapping visual fields. Using an optical
method, the visual fields of the PM eyes were found to be
zenith-centered and 120° to 130° wide (Dacke et al. 1999,
2001). Spatial integration over a large part of the sky can
make polarized skylight navigation largely insensitive to
disturbances of the celestial polarization pattern by clouds
or terrestrial objects (Labhart 1999). But averaging dif-
ferent e-vector orientations within the field of view and
including unpolarized light from clouds can result in sig-
nificant reduction of the effective degree of polarization.
Reading such weak polarization signals in the sky requires
high polarization sensitivity. The polarizing tapetum of D.
cupreus boosts the inherent, microvilli-based polarization
sensitivity of most photoreceptors by attenuating light of
the e-vector orientation to which the receptors are least
sensitive. Since the two PM eyes are oriented approxi-
mately orthogonal to each other (Dacke et al. 1999) their
main receptors are tuned to mutually orthogonal e-vector
orientations. Antagonistic interaction between the two PM
eyes may, therefore, further enhance the polarization sen-
sitivity of the system, in a similar way as in the DRA of
insects (Labhart and Meyer 1999, 2002; Wehner and
Labhart 2006).

Both measured and modeled data indicate that the
polarizing effect of the tapetum is stronger for green than
for UV light. In addition, both light intensity and polari-
zation in the sky are higher at 500 nm than at 350 nm
(Coulson 1988), even under twilight conditions when the
spiders are most active (Dacke et al. 1999; Cronin et al.
2006; Johnson et al. 2006). One would thus expect that D.
cupreus uses the green-receptors for polarized skylight
navigation.

Light absorbed by the photoreceptors is a mixture of
unreflected, singly and doubly reflected light. Therefore,
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the degree of polarization effectively seen by the photo-
receptors will be somewhat lower than the degree of
polarization we measured and calculated in our model,
since measurement and model both take into account
doubly reflected light only. The same is true regarding the
wavelength spectrum, which will be slightly shifted toward
the spectrum of incident light.

Comparison with the PM eyes of A. labyrinthica

As for D. cupreus, e-vector navigation was also demon-
strated by behavioral tests for the funnel-web spider A.
labyrinthica (Gorner 1958, 1962). However, as shown by
eye occlusion experiments, polarization vision in this
spider is mediated by the principal eyes and the PM eyes
are not involved (Gorner 1958). This agrees with the
structure of the PM eyes, which do not support polari-
zation sensitivity. (1) The rhabdoms of the photoreceptors
exhibit a disordered arrangement. (2) The two reflectors
forming the canoe-shaped tapetum are curved, i.e., the
orientation of the multilayer stacks is not constant. This
arrangement and the presence of a proper lens suggests
that light entering the eye will be refracted such that for
every beam of light the incidence angle 6; on the curved
tapetum will be close to 0°, meaning that it will be
reflected back in an unpolarized state. This view is in
accordance with optical measurements of reflected light in
the PM eyes of A. labyrinthica showing a degree of
polarization of just 0.09 (Dacke et al. 2001). In line with
the eye occlusion experiments in A. labyrinthica (GOrner
1958, 1962), its close relative A. gracilens has a ventral
polarization-sensitive retinal area (see “Introduction”) in
the principal eyes (Schroer 1974).
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Appendix

The reflectance I' of a birefringent multilayer stack with M
layers and M + 1 interfaces was calculated for p- and s-
polarized light recursively as follows. The derivation of
these formulae can be found in Orfanidis (2008).

r_ it Lipje %

l_m, i:M,M—l,...,l. (3)

This recursion was initialized with I'nvi1=pp -

In Eq. 3, j the imaginary unit, p; the transverse reflection
coefficient and ¢; the complex phase thickness of the ith
layer. The complex phase thicknesses J;, depending on the
state of polarization, can be calculated as:
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iy [1 — n%ﬂ:& (p-polarization)
in (4)
Zlinipy [ 1 — nis”_zi(b‘;.) (s-polarization)

i=1,2,.. . M+1.

where n;;, n;, and ny3 are the refractive indices and [; the
thickness of the ith layer. 6, is the angle of incidence on the
first interface and n, the refractive index of the incident
medium.

The transverse reflection coefficients p; of Eq. 3 can be
calculated as:

Niy —Mi .
o=, i=a,1,2,...,.M,b. 5
iy + 1 ®

n; are the transverse refractive indices, which depend on
the state of polarization:

ni ni3 1 1
— polarization
nZ—n2 sin®(0,) (p p )

n = (6)
n? — n2sin’(0,) (s — polarization)

where the index a stands for the incident medium and b for
the substrate (the medium after the last interface of the stack).
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