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ABSTRACT: Fish have evolved biogenic multilayer reflectors composed of
stacks of intracellular anhydrous guanine crystals separated by cytoplasm, to
produce the silvery luster of their skin and scales. Here we compare two
different variants of the Japanese Koi fish; one of them with enhanced
reflectivity. Our aim is to determine how biology modulates reflectivity, and
from this to obtain a mechanistic understanding of the structure and
properties governing the intensity of silver reflectance. We measured the
reflectance of individual scales with a custom-made microscope, and then
for each individual scale we characterized the structure of the guanine
crystal/cytoplasm layers using high-resolution cryo-SEM. The measured
reflectance and the structural-geometrical parameters were used to calculate
the reflectance of each scale, and the results were compared to the
experimental measurements. We show that enhanced reflectivity is obtained
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with the same basic guanine crystal/cytoplasm stacks, but the structural arrangement between the stack, inside the stacks, and
relative to the scale surface is varied when reflectivity is enhanced. Finally, we propose a model that incorporates the basic
building block parameters, the crystal orientation inside the tissue, and the resulting reflectance and explains the mechanistic basis

for reflectance enhancement.

B INTRODUCTION

The physical basis of multilayer reflectors for producing
structural colors in biological systems in general and in fish
scales in particular is well established."™> However, one
interesting open question is how fish modulate the reflectivity
of their silver scales. Answering this question can not only
improve our mechanistic understanding of reflectance intensity
in biological multilayer reflectors but may also provide new
insights into ways in which reflectance can be enhanced in
synthetic systems.

In nature structural colors are extensively used by different
organisms for a variety of functions, such as visual communica-
tion for species recognition, mimicry and camouflage, and in the
eyes for vision enhancement.’'* The physical phenomenon
responsible for structural colors is constructive interference of
selected wavelengths of reflected light, originating from the
interaction of light with periodic structures that have physical
dimensions similar to the wavelength of light. The phenomenon
of structural colors was first described by Hooke in 1665 in his
book Micrographiu,l4 but a better understanding of these
structures was achieved with the development of the electron
microscope in the 20th century. The physical interpretation of
the phenomenon, however, has not changed since the multilayer
interference approach was calculated by Lord Rayleigh in
1887.157"

A multilayer reflector array consists of alternating layers of
transparent materials with different refractive indices. The array
can act as a reflector when the optical thickness nd (the product
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of the physical thickness d and the refractive index 1) of all layers
is comparable to the wavelength of light. The light reflected from
the different layers undergoes constructive interference for some
wavelengths and destructive interference for others, resulting in
distinct colors being observed. As the angle of incident light
changes, different wavelengths constructively interfere, and the
colors change.'®'” Probably the most common example of
multilayer reflectors is the metallic-like glitter observed from the
scales of many types of fish. This silvery reflectance is generated
by broadband, wavelength-independent reflectance over the
entire spectrum of visible light.” In fish this reflectance is
produced by alternating layers of high refractive index thin plate-
shaped guanine crystals (with n = 1.83 along the axis normal to
the biogenic plate axis) and low refractive index cytoplasm
(dominated by that of water, n = 1.33).%*° The guanine crystals
in fish are intracellular: they form inside specialized cells called
iridophores,”"** located underneath the scales and in the stratum
argentum, a subdermal layer of the skin.*>** In both locations
each crystal forms inside a crystal chamber composed of a lipid
bilayer.*> Recent studies have shown that the formation of these
crystals occurs via an amorphous precursor phase of guanine.”*

One well-studied example of silver reflectance in fish is the
Japanese Koi fish (Cyprinus carpio) that has scales with a metallic
luster as well as pigmented colors.”*”® One variety, the Gin Rin
Platinum Ogon Koi (Figure 1b, termed Gin Rin in this work) has
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Figure 1. Koi fish belong to the Cyprinidae, Cyprinus carpio. (a)
Platinum Ogon, termed “Common” in this study. (b) Gin Rin Platinum
Ogon, termed Gin Rin in this study. The Gin Rin variety has extra
reflectance seen mostly from the scales on the two sides of the dorsal fin.
Length of fish is approximately 25 cms.

scales usually located on both sides of the dorsal fin, with
strikingly higher reflectance than the more common Platinum
Ogon Koi (Figure 1a, termed “Common” in this work). In the
experiments presented here, we compare the highly reflecting
Gin Rin scales with the Common scales. Due to the variability in
reflectance between different scales we had to develop a
correlative method which allowed us to measure the reflectance
of individual scales and to characterize the structural parameters
of the crystal/cytoplasm layers of the same scales. For the latter
we used cryo-SEM in order to avoid dehydration artifacts that
would change the thickness of the highly hydrated cytoplasm
layers. Using this approach we were able to identify the
parameters responsible for the variations in reflectance. The
agreement between the reflectance intensity and spectral
distribution simulated from these parameters, and the measured
reflectance spectrum, confirms the validity of the derived model.

B RESULTS

The reflectance of scales of around 3 X 4 mm?* was measured
from 2 Common Koi and 2 Gin Rin Koi (3 scales from each fish)
within 1 h after extraction of the scale from the fish. We used a
custom built microscope to measure the reflectance that enabled
us to acquire the reflectance spectrum and the image of the scale
with the associated epidermal layer, at the same location. The
image showed the distribution of the reflected light over the scale
surface. Immediately after making the reflectance measurements,
the reflective areas of the same scale were high-pressure frozen
and subsequently observed using the cryo-SEM. All of the results
are shown in Table 1.

Table 1. Summary of All of the Parameters Measured by Cryo-SEM and by the Custom Built Microscope®

(a) crystal (c) orientation of the (d) no. of (e) (f) measured (g) measured (h) simulated
thickness (b) cytoplasm  crystals relative to the scale  iridophores in a coverage reflectance normalized reflectance

fish no. (nm) thickness (nm) ° cross section area (%) (%) reflectance (%) (%)

GR11 28+8 96 + 61 S+55(n=51) 4-5 88 46 52 52
(n=98) (n=63)

GR12 26+7 108 + 42 2+2 (n=230) 4-5 86 42 49 S1
(n=39) (n=54)

GR13 28%£5S 86 + 43 2+25(n=43) 3—4 80 37 49 43
(n=39) (n=44)

GR31 34+10 101 + 56 35+2.5 (n=98) 4 82 42 52 55
(n = 49) (n = 130)

GR32 29+38 108 + 50 3+3(n=42) 4-5 91 52 57 56
(n=32) (n=52)

GR32 2066 107 + 70 242 (n=32) 4-5 89 54 61 57
(n=133) (n=38)

Co2l 30+8 165 + 51 30.5 + 6.5 (n=85) 1-2 60 23 36 32
(n=51) (n=100)

Co22 26=+5 175 + 68 265+ 5 (n=62) 1-2 S3 19 36 30
(n=48) (n=39)

Co23 27%S 165 + 51 25.5 3.5 (n=495) 1-2 S1 14 28 30
(n=42) (n = 100)

Co4l 3110 170 + 82 35+ 8 (n=56) 1-2 62 19 30 26
(n=151) (n=45)

Co42 285+7 164 + 74 30.5 + 7.9 (n = 51) 1 60 19 32 23
(n=32) (n=69)

Co43 285+8 155 + 82 24.5 + 6 (n = 42) 1-2 66 21 32 30
(n=35) (n=43)

“Summary of all of the parameters measured by cryo-SEM (a—d) and by the custom built microscope (e—g) that were used for simulations and
normalization of the reflectance of 12 different scales and skins from both Gin Rin (GR) and Common (Co) Koi. Numbers, e.g, GR 1_1, designate
the fish and the scale referred to, respectively. The values measured from the cryo-SEM (a—d) are means for n specimens of high-pressure frozen,
freeze fractured scales and skins. (e) Crystal stack coverage area determined from the light microscope images. (f) Integrated measured reflectance
determined with a microspectrophotometer and normalized to an Ag mirror. (g) Integrated normalized reflectance, obtained by normalizing the
measured reflectance according to the crystal stack coverage area. (h) Simulated reflectance calculated using the parameters measured with cryo-

SEM.
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Cryo-SEM. We found that in both the Common and the Gin
Rin scales the guanine crystals are uniformly thick plates, with
crystal thicknesses ranging from 26 to 31 (+26%) nm for
Common and 21 to 34 (+26%) nm for Gin Rin, i.e., with no
significant difference between the two groups (Table 1la).
However, the average cytoplasm thicknesses of the Gin Rin Koi
range from 86 to 108 nm (+50%), and the average cytoplasm
thicknesses of the Common Koi range from 155 to 175 nm
(£41%), and hence there is a significant difference between the
two groups. Note too that the ranges of cytoplasm thicknesses
are very large in both Common and Gin Rin Koi, but are much
larger in the Gin Rin Koi compared to the Common Koi. As there
is not perfect control on the orientation of the fracture plane that
is observed in the cryo-SEM images, both measured crystal and
cytoplasm thicknesses may be slightly biased by an oblique
fracture. We note, however, that the same uncertainty affects the
Common and the Gin Rin Koi measurements in a similar
manner. Furthermore, the effect is rather small and falls within
the standard deviation of the thicknesses.

For both systems, we found a nearest-neighbor mathematical
correlation between the spacings of adjacent crystals of 60%, i.e.,
the spacings of adjacent crystals within a stack are much closer in
value than those in different stacks (Figure 1S). There are
approximately 25 crystals/cell in the Common Koi, whereas the
number of crystals/cell in the Gin Rin Koi is approximately 40
(Figure 2).

We have identified several additional major features in the
organization of the crystals in the Gin Rin scales and skins that
are different from those of the Common scales and skins. The
first difference is in the orientation of the crystals relative to the

scale

Figure 2. Cryo-SEM micrographs of high-pressure frozen and freeze
fractured scales and skin, showing the orientations of the crystals relative
to the scale and the number of iridophores in a cross section. Different
cells are delimited with different colors. (a) Iridophore cells from a
Common Koi; there is only one layer of iridophores, and in this layer the
majority of the crystals form an angle around a mean value of 30° to the
scale surface. (b) Iridophore cells from a Gin Rin scale; the majority of
the crystals are almost parallel to the scale, and there are up to five layers
of iridophores in the cross section. Black lines indicate the direction of
the scale surface.

scale surface and hence relative to the light source. While the
majority of the guanine crystals in the Common Koi scale and
skin are oriented around a mean value of 30° to the scale surface
(Table 1c, Figures 2a and 3a), the crystals in the Gin Rin are
usually parallel to the scale surface (Table 1c, Figures 2b and 3c).

Figure 3. Cryo-SEM micrographs of high-pressure frozen, freeze
fractured scale and skin. (a,b) Iridiphore of a Common Koi fish, with one
stack of parallel crystals. (c,d) Iridophore of a Gin Rin Koi fish showing
two crystal stacks inside a single cell. The crystal stacks often
interdigitate resulting in shorter and larger distances between the
crystals: the interdigitated stacks have typical intercrystal distance of
~60 nm, whereas the primary stacks have distances of ~140 nm.

The second important difference is that the Gin Rin has many
more iridophores in the skin and each iridophore usually
contains more crystals compared to the Common Koi. In the skin
of the Common Koi there is usually only one layer of iridophores
underneath the scale, and the iridophore contains one stack of
crystals (Table 1d, Figures 2a and 3a). In the Gin Rin skin there
are up to S iridophores in a cross section, and within each
iridophore there are 2—3 crystal stacks (Table 1d, Figures 2b and
3c). This arrangement results in a much larger number of
alternating crystal—cytoplasm layers in the scales and skins of the
Gin Rin relative to the scales and skins of the Common Koi.
Furthermore, inside a Gin Rin iridophore there are multiple
crystal stacks leading to interdigitation between the crystals of
neighboring stacks (Figures 2b and 3c,d). The interdigitation has
several consequences: locally reducing the average thickness of
the cytoplasm spacing between the crystals and introducing more
disorder into the system both by the variation in cytoplasm
spacings and in the angles between adjacent crystals (Figures 2b
and 3c,d); factors which have a profound effect on the intensity of
reflectance. We confirmed these differences by analyzing an
additional eight Gin Rin scales and seven common scales from
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Figure 4. Correlative representation of all the parameters measured or simulated for one Gin Rin scale (fish 3, scale 1) and one Common scale (fish 2,
scale 3). (a) Light microscope images. (b) cryo-SEM images, different cells are delimited with different colors. (c) Normalized measured reflectances.

(d) Simulated reflectances.

three different fish using the cryo-SEM (Supporting Informa-
tion).

Measured vs Calculated Reflectance. To calculate the
simulated reflectance of each scale (Table 1h and Figure 4), we
took into account the mean measured values and standard
deviations of the crystal thicknesses, the cytoplasm spacings, the
number of iridophores, the number of crystal stacks, and the
orientations of the crystals relative to the scale surface. The
simulation was based on Monte Carlo transfer matrix
calculations (see Experimental Section). Figure 4 shows one
example from a Common Koi scale and one from a Gin Rin scale
for each of these parameters and the corresponding reflectance
measurements, and Table 1 shows the data for each of the 12
different scales measured.

Overall, the reflectance measurements show that both
Common and Gin Rin scales exhibit a broad band reflectance
typical of a “silvery” iridescence. The measured reflectance of the
Gin Rin scales is 2—3 times higher than the reflectance measured
for the Common Koi scales (both normalized to the reflectance
of a silver mirror, Table 1f). The skin underneath the scale of the
Gin Rin appears much more densely covered with crystal stacks
(coverage area 80—90%) relative to the skin of the Common Koi
(coverage area 50—60%) (Table le and Figure 4). However,
normalizing the reflectance of the skin and scales to the coverage
area of the crystal stacks still results in reflectance values 1.5-2
times higher for the scales and skins of the Gin Rin relative to the
Common scales and skins (Table 1g and Figure 4). Therefore,
the additional reflectance obtained after normalization to the
coverage area is due to the intrinsic structure and photonic
properties of the Gin Rin scales and skin. When comparing the
simulation calculated for each scale and skin (based on the
structural information obtained from the cryo-SEM) to the
reflectance measured from the same scale, one can see that the
simulated reflectance fits well the broad band reflectance
spectrum measured from the scales and skins. One example is
shown in Figure 4, and the data for the correlative comparison for
all of the measured scales is shown in Table 1. Figure 5 shows a
plot of measured vs simulated reflectance for each of the 12
scales, with good agreement between the measured reflectance
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Figure S. A diagram showing the measured reflectance from 12 scales
and skins (6 Gin Rin and 6 Common) vs the simulated reflectance; the
reflectance of each scale and skin was measured at three different
locations and is represented at each point as standard deviation from the
mean. The measured reflectances were obtained by a microspectropho-
tometer and were normalized according to the crystal stack coverage
area in the scales (determined by the light microscope image). The
photonic parameters used to simulate the reflectance were determined
by cryo-SEM; the parameters that were used are specified in Table 1.

and the simulated reflectance. Clearly both the measured and the
simulated values of the reflectance of the Gin Rin scales are much
higher than that of the Common scales (50—61% reflectance for
the Gin Rin scale and skin and 28—36% reflectance for the
Common scale and skin).

B DISCUSSION

We show that the additional reflectance in the Gin Rin Koi skin
and scales compared to that of the Common Koi skin and scales
is caused not only by producing more iridophores but also by
structural variations in the architecture of the multilayer
reflectors. Thus, the same building blocks are used, but
reflectance enhancement is achieved by varying the structure.
We identified four different structural features that distinguish
the Gin Rin from the Common Koi: (1) The skin underneath the
scale of the Gin Rin is much more densely covered with crystal
stacks; (2) the orientation of the crystals is almost parallel to the

dx.doi.org/10.1021/ja509340c | J. Am. Chem. Soc. 2014, 136, 17236—17242



Journal of the American Chemical Society

scale surface in the Gin Rin, whereas the crystals form an angle of
30° to the scale surface in the Common Koi; (3) the number of
layers of iridophores underneath the scale and the number of
crystal stacks inside iridophores are much higher in the Gin Rin;
(4) interdigitation between the different crystal stacks within the
iridophores, and consequently a much wider distribution of d-
spacings between the crystals, is found in the Gin Rin relative to
the Common Koi.

We also show that when taking into account only the
differences in the crystal-covered area of the scale, the Gin Rin
still has much higher reflectance than the Common Koi scale.
This extra reflectance was measured and simulated (Table 1 and
Figure 4). The good agreement between the simulated
reflectance spectrum and the measured reflectance spectrum
confirms that the additional specific features observed in the Gin
Rin structure all contribute to the extra reflectance. These are as
follows: The effect of more alternating layers in the Gin Rin
structure results in higher reflectance. The parallel orientation of
the crystals in the Gin Rin system relative to the scale surface
causes incident light to enter the crystal stacks at a higher angle
than in the case of the inclined crystal stacks in the Common
system, reducing the effective thickness of the layers. This
arrangement also results in higher reflectance. The interdigita-
tion of the crystal stacks reduces the average spacing between the
crystals and results in more crystals per unit area. Furthermore,
the interdigitation of the crystal stacks inside the iridophores
results in areas in the scale in which the spacing between the
crystals is quite small, i.e., 60 nm, together with other areas in
which interdigitation does not occur, resulting in a spacing of
around 140 nm. These irregularities in the structure contribute to
the overall disorder of the system. The above changes in stack
ultrastructure, including the introduction of “controlled”
disorder, constitute the strategy adopted by the Gin Rin Koi to
obtain enhanced reflectivity using the same building blocks, while
keeping the thickness of the dermal layer underneath the scale
within a similar range.

In both the Gin Rin and the Common systems, the optical
thickness of the alternating layers deviates strongly from an ideal
reflector. Simulation of the reflectance of an ordered system
using the spacings that we have measured results in low (~10%)
reflectivity, when considering 20 alternating layers. Only after
introducing the large standard deviation and the irregularities in
the structure does the reflectivity increase. Denton and Land
proposed that the silver color of certain fish scales and skin could
be explained either by a randomly distributed thickness of the
different layers or by systematically changing thickness.”” In a
later study on the silvery reflectance of fish, McKenzie et al.
described the fish skin as a chaotic system in which the
thicknesses of both the high and low refractive index layers are
randomly distributed.” It was also suggested that neutralization
of the polarization of reflection is an important factor in
determining the reflective properties of fish skin.”®

In this study we have found that both ordered and disordered
features are present in the structure. The thickness of the
cytoplasm spacings is highly variable, whereas the guanine
crystals are much thinner and have a much narrower thickness
distribution compared to the cytoplasm layers. The same narrow
distribution of crystal thicknesses was found for the different
scales and skins examined, Gin Rin or Common. Different
organisms that use guanine in their reflective systems, such as in
the eye of the spider Drassodes cupreus and the silvery integument
of the spider Tetragnatha montana, also show a similar narrow

distribution of thicknesses of the guanine crystals and a broader
distribution of the cytoplasm spacings.”**’

Use of guanine crystals of 60—70 nm thickness, with an optical
thickness close to quarter wavelength, would substantially
increase the reflectance of the fish scales. However, the crystal
thickness in the Gin Rin does not change. The crystal thickness
appears to be either genetically determined or reflects the mode
of formation. The Gin Rin therefore adopted other structural
solutions to achieve higher reflectance. In the spider Tetragnatha
montana, thicker crystals are produced, but these are composed
of ~20 nm thick crystals separated by a 30 nm layer of
amorphous guanine. In this way the crystals have a thickness
which is close to the quarter wavelength optical thickness (~70
nm* 1.83 ~ 130).

The larger distribution of thicknesses for the cytoplasm is not
compatible with systems that produce specific structural colors,
such as in the carapace of the copepod Sapphirina male***' or in
the dynamic lateral stripe of the Neon Tetra fish.**>* In these
systems the thicknesses of both the guanine crystals and the
cytoplasm spacings are expected to be much more regular, in
order to achieve a peak reflectivity at specific wavelengths.

Most of the early pioneering studies describing the reflecting
system in fish with silver scales, in which the thicknesses of the
guanine crystals were measured, reported that the thicknesses are
widely and randomly distributed. It has to be taken into account,
however, that the techniques used resulted in the crystals being
completely dissolved or lost, such that what was actually
measured were the cavities left after crystal dissolution, which
were distorted during drying and cutting. The latter may also
have disturbed the cytoplasm layer thicknesses. We believe that
these are the reasons why these studies resulted in much larger
values of thickness for the guanine crystals. We still do not
completely understand the mechanism of formation of these
intracellular guanine crystals and what exactly determines their
size, but the fact that different systems produce crystals with
similar shape and sizes suggests that there is a common
mechanism of formation.

A second finding, that shows that the crystals spacings are not
randomly distributed in the Koi fish system, is the value of the
nearest neighbor autocorrelation function, which determines the
correlation between the spacings of neighboring crystals. We
have found the Koi fish system to have around 60% correlation.
In our simulations we found that adding this correlation
produces a more uniform reflectance across the whole visible
range, in agreement with silvery reflectance. The irregularities in
the fish scale system, make it possible to reflect light over a much
broader range of angles. This effect might be important for
camouflage in aqueous environments in which light scattered in
the water hits the scale surface at a wide range of angles. These
structures also allow the system to be much more tolerant toward
imperfections in the manufacture and assembly process.
Nevertheless, the regulated intracellular crystal formation
mechanism results in some intrinsic order. The fine balance
between order and disorder in this photonic structure produces
the observed broad angle silvery iridescence.

The use of materials showing iridescence, especially
biocompatible materials, has rapidly increased in the last couple
of decades. However, one fundamental industrial requirement to
enhance their brilliance is still commonly achieved by mixing the
materials with metal-based pigments."®*>*® The Gin Rin system
may present a different solution to this issue by enhancing silvery
reflectance without introducing extra steps and new materials to
the system.
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B CONCLUSIONS

Fish evolved different solutions to enhance the reflectance of
their scales. The higher reflectance intensity in the Gin-Rin
relative to the Common Koi is mainly achieved by the higher
coverage area of the crystal stacks and by increasing the number
of reflecting units. In addition, by varying the angle of the crystals
relative to the surface and by promoting the interdigitation of the
crystal stacks, the thickness of the crystal stacks is reduced, and
disorder in the crystal spacings is introduced, thus efliciently
enhancing reflectance.

B EXPERIMENTAL SECTION

Fish. Koi fish Platinum Ogon and Platinum Ogon Gin Rin were
provided by the Gan Shmuel Fish Breeding Center (Kibbutz Gan
Shmuel, Israel) or by Peka (Rehovot, Israel) and were maintained in an
aquarium.

Reflectance Measurements. The reflectance of scales of around 3
X 4 mm?® in area and 200 gm in thickness was measured from 2
Common Koi and 2 Gin Rin Koi (3 scales from each fish) within 1 h
after extraction of the scale from the fish. We used a custom built
microscope for measuring the reflectance, consisting of a micro-
spectrophotometer, two CCD cameras, and a high numerical aperture
objective (Figure 6). The custom built microscope enabled us to acquire

SP

Figure 6. Schematics of the optical setup. The light from a Halogen lamp
is coupled to an optical fiber (F) and guided into a custom-made
microscope. The light beam is then focused through a lens (L1) and
reflected by a beam splitter (BS) onto the back aperture of a high
numerical aperture objective (OB]). The light illuminates a wide area on
the sample (SM), which is placed on a translation and goniometer stages
(G). After passing through the tube lens (L2) the light continues in one
of three paths as determined by a set of folding mirrors (M). It is either
imaged onto CCD1, Fourier transformed onto CCD2, or coupled into
an optical fiber (F) which guides it into a spectrometer (SP).

the reflectance spectrum and image of the epidermal layer and its
associated scale as well as to obtain the Fourier transform of the
reflectance for the same location in the scale. The reflectance spectrum
and the image acquired by the microscope were used to determine the
reflectance intensity, which was normalized to the reflectance of a silver
mirror and to the coverage area of the crystal stacks beneath the scale.
The coverage areas were determined from the light microscope images
by integrating all of the areas covered with crystal stacks. The Fourier
transformation of the images was obtained in order to verify that most of
the highly spread reflected light from the scale and skin was indeed
collected (Figure 2S). The fish scales and underlying skin used were
similar in size and had a silvery iridescence with no observable pigments
which might affect their reflectance. The light source used was a Halogen
lamp that was coupled to an optical fiber which guided the light into the

17241

microscope. The light was then imaged (through a beam splitter) onto
the back aperture of an objective (Olympus, UPLSAPO 60XW, NA 1.2).
The objective was used both to illuminate a wide area (~250 ym width)
and to collect the scattered light. The collected light was directed to one
of three different paths by a set of folding mirrors. In the first path, the
sample was imaged onto a CCD camera (Mintron, MTV 13 V5Hc).

In the second path, the Fourier transform of the scattered light was
captured by imaging the back aperture of the objective onto a similar
CCD camera. In the third path, the light was collected and coupled into a
fiber which guided the light into a spectrometer (Ocean Optics,
USB2000). We note that the sample was placed on top of translation
and goniometer stages so that both its position and orientation could be
controlled.

Cryo-SEM. Scale fragments about 2 X 2 mm” were cut from the
previously measured freshly collected scales. The samples were
immediately immersed in 10% dextran (Fluka) or hexadecene (Sigma-
Aldrich), sandwiched between two metal discs (3 mm diameter, 0.1 mm
cavities), and cryo-immobilized in a high-pressure freezing device
(HPM10; Bal-Tec). The frozen samples were mounted on a holder
under liquid nitrogen and transferred to a freeze fracture device (BAF
60; Bal-Tec) by using a vacuum cryo-transfer device (VCT 100; Bal-
Tec). Samples were observed in an Ultra 55 SEM (Zeiss) by using a
secondary electron in-lens detector and a backscattered electron in-lens
detector, maintaining the frozen-hydrated state by use of a cryo-stage
operating at a temperature of —120 °C. Measurements of crystal
thickness and cytoplasm spacings were performed from the cryo-SEM
micrographs choosing the crystals that appeared to be edge-on to the
fracture surface. In cases in which adjacent crystals were highly angled
one to the other the specific crystal pairs were not selected for cytoplasm
measurements.

Simulated reflectivity. For the simulations we assumed that
incident light enters normal to the scale. For light entering the scale at an
angle of +30°, we estimate a relative error of up to 10% for the simulated
reflectivity. We also assumed that the refractive index is independent
from the wavelength and that all the interfaces are parallel. The percent
reflectivity was then calculated by averaging 500 runs. The total
reflectivity was obtained by integrating the reflectivity over all
wavelengths.

Every layer is characterized by n; (refractive index) and d; (which is
the layer thickness randomly picked from the experimental distribu-
tion). Thus, for each layer we define the following 2 X 2 matrix:

i
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2 matrix:

-
I

2

~

M;
1 ()

In the case of the Gin Rin, such a matrix is defined for each of the
crystal stacks.

In both cases, Common or Gin Rin the reflectivity is extracted from
the following expression:

-
Il

2
_ (mu + mlz) - ('"21 + mzz)

(myy + my,) + (my; + my,)

©)

The refractive index of guanine was taken to be n = 1.83 and of the
cytoplasm n = 1.33. The calculation was performed using the observed
distribution for each sample as well as the calculated nearest-neighbor
correlation of 60%.

The simulation did not take into account the absorption of the scales
and skins. We determined that the scales and skins absorb mostly in the
region of 360—560 nm and have almost no absorbance at longer
wavelengths (Figure S3). This can account for some of the differences
observed between the measured and the calculated reflectances.
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