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Iridocytes, containing multiple stacks of proteinaceous platelets and crystalized guanine,
alternating with thin cytoplasm sheets, are specialized cells that act as multilayer nano-
reflectors. Convergence evolution led to their arising across a broad range of organisms,
including giant clams of the Tridacninae subfamily — the only sessile and photosymbiotic
organism, among animals known to possess iridocytes. Through the interference of
light with their nanoscale architecture, iridocytes generate “structural colors,” which are
reported to serve different purposes, from intra-species communication to camouflage.
In giant clams, iridocytes were previously reported to promote a lateral- and forward
scattering of photosynthetically productive radiation (PAR) into the clam tissue, as well
as the back reflection of non-productive wavelengths. Hence, they are assumed to
promote an increased efficiency in the use of available solar energy, while simultaneously
preventing photodamage of the algal symbionts. We report the use of guanine crystals
within Tridacna maxima giant clam iridocytes as a basis for photonic cooperation
between the bivalve host and their photosynthetic symbionts. Our results suggest
that, in addition to the previously described scattering processes, iridocytes absorb
potentially damaging UV radiation (UVR) and, through successive emission, emit light at
longer wavelengths, which is then absorbed by the photosynthetic pigments of the algal
symbionts. Consequently, both, host and algal symbionts are sheltered from (potentially)
damaging UVR, while the available solar energy within the PAR spectrum increases,
thereby potentially enhancing photosynthetic and calcification rates in this large bivalve.
Further, our results suggest that this photonic cooperation could be responsible for
the broad repertoire of colors that characterizes the highly diverse mantle patterns
found in T. maxima.
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INTRODUCTION

Iridocytes (also called iridophores, guanophores, or interference
cells) are multilayer nano-reflectors with alternating high and
low refractive indices, generating interference of light waves.
They contain multiple stacks of thin proteinaceous platelets
(Kamishima, 1990; Griffiths et al., 1992; Kim et al., 2017) and
crystalized guanine (Morrison et al., 1996; Teyssier et al., 2015)
(an essential component of DNA and RNA), alternating with thin
sheets of cytoplasm (Ide and Hama, 1972; Rohrlich and Rubin,
1975; Kim et al,, 2017). Convergence evolution has led to their
arising across a broad range of organisms, including reptiles,
such as chameleons (Rohrlich and Rubin, 1975), amphibians,
such as tree frogs (Setoguti, 1967), fish (Lythgoe et al., 1984),
and mollusks such as cephalopods (Cloney and Brocco, 1983;
DeMartini et al., 2013a) and giant clams of the Tridacninae
subfamily (Kamishima, 1990; Griffiths et al., 1992; Holt et al.,
2014; Ghoshal et al., 2016a).

Iridocytes display a variety of different functions in organisms,
from the prevention of gas diffusion (Scholander, 1954),
protection against extreme heat (Kobelt and Linsenmair, 1992),
as mirror components of visual systems (Locket, 1970) and the
manipulation of light (Fox, 1976; Holt et al., 2014; Ghoshal et al.,
2016a; Kim et al., 2017). Through the interference of light with a
combination of their nanoscale architectures, iridocytes generate
some of the liveliest colorations across these organisms (Holt
etal., 2014; Teyssier et al., 2015).The resulting “structural colors”
(Fox, 1976) are reported to serve different purposes, from intra-
species communication (Chae and Nishida, 1994) to camouflage
(Théry and Casas, 2002; Tkeda and Kohshima, 2009).

Recent research mainly focused on “how nanostructures,
such as Iridocytes, regulate the optical properties of biological
materials” (Sun et al, 2013). However, photonic structures in
biological systems were recently reported to also potentially affect
physiological processes in plants and phototrophic organisms
in general (Gkikas et al., 2015; Goessling et al., 2018). The
structural nature of iridocytes allows them to reflect any
waveband of the visible light spectrum from near UV to
deep red (400-700 nm) (Mithger and Hanlon, 2007). Further,
there is evidence that organisms may be able to change the
optical properties of these cells from non-iridescent (Rayleigh-
scattering) to iridescent (structural reflection) by ultrastructural
changes, thereby allowing rapidly shifts in skin colors (Mithger
and Hanlon, 2007; DeMartini et al., 2013a,b).

Giant clams of the Tridacninae subfamily stand out among
all other organisms containing iridocytes as the sole sessile
organisms thus far reported to contain these specialized cells.
In Tridacninae, iridocytes are located in the outer mantle of
the bivalve (Griffiths et al., 1992; Holt et al., 2014; Ghoshal
et al, 2016a) which confer these animals their distinct and
highly diverse mantle colors (Holt et al.,, 2014; Ghoshal et al.,
20163; Figure 1). Giant clams represent an important component
of Indo-Pacific reef communities and are of distinct ecological
significance for a reef (Neo and Todd, 2013; Neo et al., 2015; Van
Wynsberge et al., 2016).They play multiple roles in the framework
of coral reef communities (Neo et al., 2015), as they provide a
food source for a number of predators and scavengers (Alcazar,
1986), shelter for commensal organisms (De Grave, 1999), and

FIGURE 1 | Variations of mantle tissue colorations in Tridacninae, here
exemplarily shown for Tridacha maxima. Specimens in the top row (A-C) are
examples for brown color variants and those in the bottom (D-F) for blue
appearing mantle colorations. Panels (C,F), respectively, are equivalents for
the brown and blue variation used in this studly.

substrate for epibionts (Vicentuan-Cabaitan et al., 2014), and
also have been harvested by humans for food and ornamental
purposes (Mies et al., 2017). Further, they are even considered
an ecosystem-engineering species (Neo et al., 2015) as they may
form reef-like structures (Andréfouét et al., 2005).

Giant clams are one of the few molluscan groups that
live in symbiotic relationship with unicellular algae of the
Symbiodiniaceae family (Taylor, 1969; Yonge, 1975; Norton et al.,
1992; Fitt, 1993). Among all the animals that are currently
known to possess iridocytes, this symbiosis makes them the only
organism capable of photosynthesis, through the activity of their
algal symbionts. These symbionts are located intercellularly in a
special tubular system, originating in digestive diverticular ducts
of the stomach and extending into the outer mantle (Norton
etal., 1992). As the algal symbionts can deliver up to 100% of the
respiratory carbon demand of giant clams (Trench et al., 1981;
Klumpp et al., 1992; Klumpp and Griffiths, 1994), some species
are even considered to be net (photo)-autotrophs (Klumpp and
Griffiths, 1994; Jantzen et al, 2008). This successful photo-
symbiotic relationship is considered to be the main reason why
Tridacninae are among the largest (Beckvar, 1981) and fastest-
growing (Bonham, 1965) bivalves on Earth, and why bleaching
(i.e., the loss of their symbiotic algae) (Glynn, 1993; Norton et al.,
1995) is known to significantly decrease their fitness, resulting
in reduced growth, fecundity, and survival (Leggat et al., 2003;
Maboloc et al., 2015). Besides their contribution to the gross
physiological performance of giant clams, the photosymbiotic
relationship of Tridacninae and Symbiodiniaceae is probably also
one of the reasons why the calcification in these bivalves is
strongly light-dependent (Ip et al., 2017, 2018; Chew et al., 2019;
Rossbach et al., 2019).

Unlike the many other mollusks, amphibians, fishes, and
reptiles containing iridocytes, in Tridacninae the role of these
cells would be unrelated to interactions with conspecifics
or potential predators or competitors (e.g., camouflage or
intimidation). Thus, previous studies, examining optical
properties and the functional significance of iridocytes in
giant clams either suggest their function to be acting as some
kind of sunscreen (Yonge, 1975; Ishikura et al., 1997) or to
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enhance photosynthetic rates of the algal symbionts by forward-
scattering of light (Holt et al., 2014; Ghoshal et al., 2016a).
As the requirements of their symbionts for photosynthetically
active radiation (PAR, 400-700 nm) restrict Tridacninae to
sunlit and shallow waters, giant clams expose themselves and
their algal symbionts to potentially high levels of environmental
ultraviolet radiation (UVR, 280-400 nm) (Smith and Baker,
1979). These highly energetic wavelengths are known to cause
photo-inhibition in the associated algae, therefore leading
to detrimental effects on the photosynthetic performance
(Lesser and Shick, 1989; Lesser, 2006). In giant clams, UV-B
(280-320 nm) and UV-A (320-400 nm) have been previously
shown to completely suppress photosynthesis in isolated
Symbiodiniaceae, while having little effect on the symbionts
when embedded within the clam host tissue (Ishikura et al.,
1997). Photo-protective mechanisms in Tridacninae have been
previously mainly attributed to the presence of UV-absorbing
compounds (e.g., mycosporine-like amino acids, MAAs), which
are produced by the algal symbionts and deposited in the giant
clam mantle tissues (Banaszak et al., 2006; DeBoer et al., 2012).
Recent research shows that the iridocyte cells, produced by the
giant clams themselves, may also have an important function in
the protection against (potentially) harmful wavelengths of light
(Holt et al., 2014; Ghoshal et al., 2016a). On the basis of models
and experimental assessment of the spectral light penetration
into tissues, iridocytes in Tridacninae were previously reported to
promote a lateral- and forward scattering of photosynthetically
productive wavelengths of light into the clam host tissue, as
well as the back reflection of non-productive wavelengths
(Holt et al.,, 2014; Kim et al., 2017). By providing these unique
features, they are assumed to establish optimal conditions for the
photosynthetic performance of the giant clams’ symbionts (Holt
et al., 2014; Ghoshal et al., 2016a).

In the present study, we assess the photoluminescence (PL)
of Tridacna maxima giant clam iridocytes (embedded in the
clams’ outer mantle tissues) as well as of pure guanine, the
material which composes the optically active components of
the iridocytes. Further, we characterize different properties of
T. maxima mantle tissues using scanning electron microscopy
(SEM) and transmission electron microscopy (TEM).

MATERIALS AND METHODS

Collection of Clams

In August 2018, two specimens (one brown and one blue color
variant) of the giant clam T. maxima, both with a size of about
17 cm, were collected in a water depth of about 3 m at Abu Shosha
reef in the Central Red Sea (22.303833 N, 39.048278 E).

Tissue Characterization Using Scanning
Electron Microscopy and Transmission

Electron Microscopy

Tissue sample preparation for SEM imaging followed a standard
protocol. In brief, pieces of T. maxima outer mantle tissues of
approximately 25 mm? area were fixed overnight in a 2-2.5%

glutaraldehyde in 0.1 M cacodylate buffer at a temperature of 4°C.
After that, tissues were gently washed in the 0.1 M cacodylate
buffer. Post fixation was performed in the dark, using a 1%
osmium tetroxide in the cacodylate buffer for 1 h. The clam
tissues were then washed with deionized water three times,
keeping them in the water for at least 15 min, before they were
dehydrated using ethanol with increasing concentration (30, 50,
70, 90, and 100%). Following this procedure, tissues were dried
using critical point drying (CPD) for approximately 2 h. At last,
they were coated with a 4 nm thin layer of platinum, to avoid
charging effects while performing the SEM imaging. Imaging was
conducted using a Quanta 3D FEG SEM (FEIL, Netherlands).

For the blockphase SEM and TEM imaging, biopsy punches
(approximately 1 mm?) of the T. maxima mantle tissue were fixed
and embedded in Durcupan ACM resin (EMS, United States),
following the protocol by Deerinck et al. (2010). Block phase
SEM imaging was performed using a Teneo VS™ SEM (Thermo
Fisher Scientific, United States). For the TEM imaging, the
embedded mantle tissues were cut into 140 nm thin sections
using a Leica Ultramicrotome EM UC7 (Leica, Germany) and
images were taken with a Titan CT TEM (Thermo Fisher
Scientific, United States).

Absorbance Spectra of . maxima Mantle

Tissues

For the absorbance measurements, outer mantle tissues were
sliced into layers of 0.5 mm thickness and mounted onto
double side polished sapphire substrates. The measurements
were carried out on two sets of samples: (a) at the outermost
surface of the tissue and (b) inside mantle tissues (about 500 pm
deep from the surface), using a UV-Vis-NIR spectrophotometer
(Shimadzu UV-3600).

Setup for Photoluminescence

Measurements

The Labram Aramis set up (Horiba Scientific, Japan) was
used to measure the PL of the giant clam mantle tissues
(Supplementary Figure 1). This compact and automated system
allows to easily choose the excitation source and power from
the LabSpec6 software (Horiba Scientific, Japan). Three different
laser excitation sources were used: Helium Cadmium (325 nm),
Cobalt 06-MLD (473 nm), and Melles Griot (633 nm). Samples
of T. maxima tissues were placed on a sapphire substrate and
then positioned on the probing stage of the measurement setup.
The laser was focused on the tissue sample with a 40-fold
magnification objective, resulting in a spot size of approximately
5 wm. Minimizing the spot size was necessary in order to increase
the power intensity of the laser, as a smaller spot size resulted in a
smaller area and thus higher laser intensity, as:

. . Power

Power intensity = ——————
Area of laser spot

For every scan, the laser source was automatically cut-off right
after a completed scan to minimize potential damages of the
tissues due to continuous exposure. The planar and vertical
adjustment of the stage, using LabSpec6, allows a fine resolution
aslowas 1 pm.
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PL Measurements of Giant Clam Mantle

Tissue

Mantle clippings of approximately 1 mm in thickness and a cross-
section area of about 1 cm? of T. maxima were used for the
subsequent measurements. When the clam mantle tissues were
optically probed, multi-peak PL emissions were observed. First,
PL measurements were performed on the mantle surface (where
the laser source was focused at the surface i.e., Z = 0 pum).
To understand how the light propagates deep inside the tissue,
subsequent PL emission spectra were taken at different focal
depth inside the mantle tissue as deep as ~300 pm. Second,
in order to explore how the T. maxima tissues interact with
different light sources and excitation power, they were probed
with different excitation sources of wavelengths at 325, 473,
and 633 nm and various pumping. In order to understand the
interaction of the light with T. maxima tissues and the resulting
dependent PL spectra, several measurements with excitation
sources of wavelengths at 325, 473, and 633 nm were conducted
at room temperature. Further, we performed excitation power-
dependent PL measurements (Supplementary Figure 2). The
type of charge carrier recombination (free to bound and/or
donor-acceptor pair recombination) contributing to the PL can
be further explored by plotting integrated photoluminescence
(IPL) versus the power of the excitation source. Further, the
quantum yield was calculated using the following relation:

Integrated photoluminescence intensi
Quantum Yield = & p 2

Integrated excitation source intensity

The quantum yield was averaged (with a 95% confidence interval)
from measurements on five individual tissue samples.

PL Measurements of Pure Guanine

Powder

Commercially available guanine powder (3,4-(Methylenedioxy)
cinnamic acid) with a 99% assay (Sigma Aldrich, United States),
was desiccated at room temperature. An approximately 1 mm
thick layer of crystalline guanine powder was put on the sapphire
substrate and the prepared sample was subjected to the PL test in
the Labram Aramis spectrometer setup (Horiba Scientific, Japan)
following the same procedure as for the giant clam mantle tissue.

RESULTS

Mantle Tissue Characteristics of

T. maxima
Observations of the T. maxima outer mantle tissues, using SEM,
revealed surface structures with hexagonal features (Figure 2A),
consisting of pillar-like microstructures (Figures 2B,C), where
each of these pillars has an average length of about 1 pm
(Figures 2C,D). Below the surface layer, we find the embedded
symbiotic unicellular algae (Figure 3A), stacked in pillars and
located extracellularly in a tubular system.

In close proximity, the iridocyte cells can be found
(Figure 3B). They have of similar dimensions as the neighboring
Symbiodiniaceae (e.g., diameter of 8 pm) and TEM imaging

reveals the plate-like structure of proteinaceous material and
crystalized guanine within the iridocyte cells, alternating with
thin cytoplasm sheets (Figures 3C,D).

Absorbance of T. maxima Mantle Tissues
Absorbance spectra of T. maxima mantle tissues differed with
depth into the tissue (i.e., outermost surface tissue and at
500 pm inside the mantle tissue) (Figure 4). We observed strong
absorbances throughout the UV spectra (200-400 nm) at both
depths. Whereas the absorbance in the outermost mantle tissues
decreases with wavelengths >330 nm, absorbance spectra of
tissue layers deeper inside the mantle, at about 500 pm, shows a
strong imprint of photosynthetic pigments, with a broad shoulder
between 400 and 560 nm, a relative absorbance minima around
600 nm, and another, distinct peak in absorbance around 675 nm,
corresponding to chlorophyll a.

Conversion of UV-A Wavelengths Into
the Blue Part of the Spectrum

When mantle tissues of the giant clam T. maxima (Figure 5A)
were illuminated with UV-A (325 nm) radiation, the PL
emitted by the mantle tissues, located between the surface and
300 pm into the mantle of the animal, shifted toward longer
wavelengths, resulting in a broadened emission peak, ranging
from 550 to 365 nm (Figure 5B, see schematic of the general
absorption/emission mechanism in Supplementary Figures 4,
5). Multiple peaks were observed in the PL spectra when
the tissue was probed at each of the different focal depths.
However, the most intense peak was identified as the main
peak (Figures 5B,C).

Indeed, the dominant emission peaks under UV-A (325 nm)
excitation, shift from 365 nm at 300 pwm depth into the tissue, to
550 nm at the surface of the giant clam mantle. Closer inspection
of the spectral emission shifts with depth showed a gradual
increase of peak shift rates from the mantle surface (Z = 0 um)
to about 100 jum (0.803 nm pm™! at 100 wm) tissue depth, and a
decrease in peak shift rates deeper into the tissue (Figures 5C-E).
The calculated quantum yield was 39.20 £ 4.16 (mean & SD)
(Supplementary Figure 6).

Comparison Between Emission Spectra

of Iridocytes and Pure Guanine

Exciting the T. maxima mantle tissues with a laser source within
the red part of the spectrum (633 nm) resulted in a peak
emission at 673 nm with a shoulder at 733 nm (Figure 6A and
Supplementary Table 1). Excitation with wavelengths within the
blue spectra (473 nm) resulted in an intense peak at 673 nm
with a shoulder at 734 nm (Figure 6A). Under UV-A (325 nm)
excitation, three emission maxima are apparent in the spectra,
(1) a strong peak in the violet spectrum at 391 nm, (2) a broad
shoulder in the green around 530 nm, and (3) and a smaller peak
at 676 nm (Figure 6A).

While investigating PL spectra of pure guanine, by exciting
them with identical laser excitation sources (633, 473, and
325 nm, respectively), no emission signal (other than noise) was
detected when exciting pure guanine with red irradiance at a
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FIGURE 2 | Mantle surface structures of T. maxima, observed via and scanning electroscope microscopy (SEM). (A) Overview of mantle surface, with hexagonal
features. (B,C) Magnified top view of mantle surface, revealing pillar-like microstructures. (D) Blockphase SEM of cross-sectioned mantle tissue showing topmost 10

rm, including pillar-like microstructures, highlighted by red arrows.

wavelength of 633 nm (Figure 6B and Supplementary Table 2).
However, emission spectra peaked at 500 nm when excited with
a 473 nm source and at 363 nm with a shoulder at 414 nm when
excited with 325 nm (Figure 6B).

When then compared the PL spectra of the T. maxima mantle
tissues with those of the pure guanine crystals. In guanine, the
peak in the upper UV-A spectrum (around 360-390 nm) was
conserved, although it was broad and somewhat shifted to longer,
less energetic wavelengths than in the T. maxima tissues (391 nm
maxima in giant clam tissues versus 363 nm in pure guanine).
While T. maxima showed a clear emission peak at 676 nm when
excited with a light source of 473nm generated an emission peak
at 676 nm, the emission peak at 530 nm in the pure guanine was
barely visible in the emission spectra.

DISCUSSION

Surface Structures of Outer T. maxima
Mantle

The observed microstructures on the outer layer of the T. maxima
outer mantle tissues could be potentially part of a light-harvesting
system, just as some comparable photonic nanostructures

on butterfly wings (Vértesy et al, 2006; Tam et al, 2013)
and bird feathers (Eliason et al., 2015) have been previously
reported being responsible for controlling how incident light
is reflected and scattered. For the butterflies, differences in
iridescence were also reported to be due to a difference in
those nanostructures, including their optical thickness and the
periodicities of air/cuticle bilayer stacks (Tam et al, 2013).
Should the observed micro-pillar structures on the surface of
the giant clam mantle tissues serve a comparable function it is
therefore possible, that both, their length as well as the density
of these micropillars could influence the amount, and thus the
intensity of light that penetrates the mantle surface, reaching
deeper tissue layers.

Absorbance Spectra and Conversion of
UV Radiation Into Blue Light

The mantle tissues of T. maxima showed strong absorbance in
the UVR band (200-400 nm) for both probed tissue depths (i.e.,
outermost surface and at a deeper layer of about 500 pm tissue
depth) (Figure 4). While absorbance at the photosynthetically
active range (PAR, 400-700 nm) were only minor in the
outermost tissues, the innermost tissues (at about 500 pm
tissue depth) showed the absorbance spectra characteristic of
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FIGURE 3 | (A) Blockphase SEM image of cross-sectioned T. maxima mantle tissues, from the surface to about 400 wm deep into the tissue. Symbiotic algae are
stacked in pillars and highlighted with green arrows, iridocytes can be found in close proximity and are highlighted with yellow arrows. (B) Magnified view of algal
symbionts (green arrow) and iridocytes (yellow arrow). Both have an average diameter of about 8 pm. (C) TEM image of iridocyte cell with stacked layers of
crystalized guanine plates, alternating with cytoplasm sheets. (D) TEM image of magnified view on Iridocyte cell, showing crystalized guanine plates.

photosynthetic pigments in the PAR range. Here, light is
harvested by the photosynthetic antenna system of the algal
symbionts, resulting in the broad shoulder between 400 and
560 nm, an absorbance minima around 600 nm, and a peak
in absorbance around 675 nm. The remarkable difference in
absorbance spectra between outermost layer, with a strong
imprint from iridocytes, and the deeper tissues is probably due
to a lack of symbionts within the surface tissues of the mantle. As
already shown by Holt et al. (2014), iridocytes cells are organized
in the tissue in a diffuse layer within the outermost tissues (first
100-200 pm) and on top of the algae pillars, which can be mainly
found deeper within the tissue.

A number of previous studies have already investigated
giant clam iridocyte cells and their three-dimensional system
of brightly reflective structures on the basis of models and
experimental assessment of the spectral light penetration into
tissues (e.g., Holt et al., 2014; Ghoshal et al., 2016a,b; Kim et al.,
2017). These specialized cells have been proposed to promote a
lateral- and forward scattering of photosynthetically productive
wavelengths of light into the clam host tissue, as well as the
back reflection of non-productive wavelengths (Holt et al., 2014;
Ghoshal et al.,, 2016a; Kim et al., 2017). This “redistribution” is

assumed to promote an increased efficiency in the use of available
solar energy, while simultaneously preventing photodamage of
the algal symbionts (Holt et al, 2014; Ghoshal et al.,, 2016a).

T. maxima outer mantle tissue
At 0 um (surface)
At 500 pm (inside tissue)

2 =4 e
S > o

Relative Absorbance

ke
)

0.0
200 300 400 500 600 700 800
Wavelength [nm]

FIGURE 4 | Relative absorbance of wavelengths between 200 and 800 nm of
T. maxima outer mantle tissues for two different tissue depths: outermost
surface tissues (blue) and inside the tissues, at a depth of about 500 wm from
the surface (green).
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FIGURE 5 | (A) Photo of . maxima specimen with blue mantle coloration. (B) Photoluminescence (PL) spectra of T. maxima at room temperature for different focal
depths (exemplarily shown for six focal depths, ranging from mantle surface to 225 wm within the tissue). (C) Peak emission wavelengths (nm) of 7. maxima
photoluminescence versus focal depth (um). Green bars represent the standard error, obtained by a Gaussian fit. (D) Rate of peak shift (nm pm™) in 7. maxima
photoluminescence versus focal depth (um). (E) lllustration showing the color changes in PL with varying focal depth (2), where Z = O is directly at the giant clam
mantle surface and Z > 0 indicates measurements deeper inside the mantle tissue.
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FIGURE 6 | Photoluminescence spectra (at room temperature) under three different laser excitation sources: at 633 nm (red), 473 nm (blue), and 325 nm (violet),
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However, our observations further indicate that, in addition
to the previously described backscattering of non-productive
wavelengths, giant clam iridocytes are also able to absorb
UVR and re-emit it, shifted toward longer wavelengths. This
finding further contributes to mitigate potential impacts of UVR
(Hdder et al., 2007; Llabrés et al., 2013; Héider et al., 2015),

while enhancing photosynthetically available radiation to the
symbionts. Highly energetic UVR has been reported to have
significant and often detrimental effects on processes and
different life stages of marine organisms (Llabrés et al., 2013),
such as DNA damage and oxidative stress (Shick et al., 1995;
Shick et al., 1996; Van De Poll et al., 2001), decreased growth
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and calcification (Van De Poll et al,, 2001; Gao and Zheng,
2010), reduced photosynthesis (Lesser, 1996; Gao and Zheng,
2010; Regaudie-de-Gioux et al., 2014), and changes in respiration
(Agusti et al., 2014), as well as adverse effects on reproduction,
larval development and settlement (Aranda et al., 2011; Carreja
et al, 2016) and increased mortality rates, especially during
early life stages (Gleason and Wellington, 1995; Béland et al.,
1999; Al-Aidaroos et al., 2014). As a result of the continuous
environmental pressure from UVR, especially on shallow-water
communities of tropical oceans, many organisms developed
effective defense systems. To date, there are two processes
described for marine organisms to protect themselves against
harmful UVR: (1) use of reflective structures, as in the case
of the planktonic algae and coccolithophorid Emiliania huxleyi.
The coccolith structures, calcium carbonate plates on the outside
of these algae, show a backscatter between 25 and 50% of the
incoming UVR (Gordon and Du, 2001; Quintero-Torres et al,,
2006) and (2) use of UV-absorbing compounds, as reported for
a wide range of different organisms, from algae to arthropods,
mollusks, fish, cnidarians, protozoans, and others (Sinha et al.,
2007; Nufez-Pons et al., 2018). As for giant clams, a previous
study on the potential UV-protective properties of T. crocea
reported the presence of MAAs in the giant clams’ mantle tissue
(Ishikura et al., 1997). These compounds are known for their
photo protective functions as they absorb wavelengths in the UV
spectrum (Shick et al., 1992; Banaszak et al., 2006).

Our present results suggest that, in addition to the known
processes of UV-absorption by MAAs and the potential
backscattering of highly energetic wavelengths by the iridocytes,
Tridacna iridocytes also absorb potentially harmful wavelengths
within the UV spectrum and re-emit radiation shifted into
photosynthetically active wavelengths (400-700nm) that can
be used by their photosynthetic symbionts. Together, these
simultaneous effects of photo-protection and efficient use of
available solar energy help explain why Tridacninae are able
to thrive in very shallow waters (1 m water depth or less),
where UVR levels are very high - especially in tropical oceans
(Overmans and Agusti, 2019, 2020).

Cooperation Between Iridocytes and
Algal Symbionts

As the only photosymbiotic organism among iridocyte-
containing animals, Tridacninae contain dinoflagellate
algal symbionts (Symbiodiniaceae), and therefore also their
photosynthetic antenna systems, including photosynthetic
pigments, such as chlorophyll a and c¢. The contribution of
chlorophyll a is clearly visible in the unique and well-known
emission peak at around 676 nm (Holm-Hansen and Riemann,
1978), where it can absorb the blue light emitted by the guanine.
Thereby harmful UVR is shifted into photosynthetically active
blue radiation, which is in turn absorbed by the chlorophyll,
and ultimately emitted as innocuous, “waste” far-red radiation.
Blue light emitted by guanine that is not absorbed by chlorophyll
may then be again absorbed by the guanine of the iridocytes.
The iridocytes may then re-emit at a longer wavelength,
yielding the broad emission shoulder in the green color (at

about 530 nm) characterized here for pure, crystalized guanine,
as well for the tissue-embedded iridocytes (Figures 5B, 6A).
Light at wavelengths around 530 nm can then be further
absorbed by a unique photosynthetic antenna system (ie.,
the peridinin-chlorophyll a-protein - PCP), which harvests
light in the green region (530-550 nm) and is characteristic
of dinoflagellates, including Symbiodiniaceae (Larkum, 1996;
Kanazawa et al., 2014).

The photonic cooperation between the iridocytes cells of the
giant clam host, and the photosynthetic chlorophyll pigments
contained within the algal symbiont cells contributes to the
protection of both, giant clam and symbiont, from harmful
UVR while potentially also increasing the supply of PAR (400-
700nm) to the symbionts. As the requirements of their algal
symbionts for PAR (400-700nm) restricts Tridacninae to sunlit,
shallow waters, giant clams have to expose themselves and their
symbionts to potentially high levels of environmental UVR (280-
400nm). This is especially true for the tropical waters (Smith
and Baker, 1979) inhabited by Tridacninae, such as the very
transparent waters of the Red Sea where the animals tested
here grew. Particularly the highly energetic wavelengths within
the UV spectrum are known to lead to photo-inhibition in
the associated algae and to have therefore detrimental effects
on their photosynthetic performance (Lesser and Shick, 1989;
Lesser, 1996; Shick et al, 1996). In giant clams UVR has
been previously shown to completely suppress photosynthesis in
isolated zooxanthellae while having little effect on the symbionts
when embedded within the giant clam host tissue (Ishikura et al.,
1997). Until now, this photo-protective effect has been mainly
attributed to the UV-absorbing properties of MAAs and it was
proposed that the symbiotic algae are thus protected from UVR
damage by their host tissues (Ishikura et al., 1997). Mycosporine-
like amino acids are however, actually produced by the algal
symbionts and then deposited in the giant clam mantle tissues.
In fact, Tridacna spp. have been reported to associate with
dinoflagellates of the genus Symbiodinium, Cladocopium and
Durusdinium (Mies, 2019) (former clade A, C, and D; LaJeunesse
etal., 2018). Red Sea giant clams have been reported to associate
mostly with the Symbiodinium genus (Pappas et al., 2017) (former
clade A), which are known for their ability to produce MAAs
(Banaszak et al., 2000).

However, while MAAs and the associated UV-protection
would be provided by the algal symbionts, iridocyte cells are
actually produced by the bivalve host itself. This interaction
between host-owned cells and the embedded algae would
emphasize how the mutualistic component of the symbiotic
relationship of Tridacninae and Symbiodiniaceae extends to
protection from UVR. Further, this interaction is absent from
photosymbiotic relationship of Symbiodiniaceae and corals,
where the latter have to rely on the production of MAAs and
the consequent photo-protection through their algal symbionts
(Rosic and Dove, 2011). Moreover, this stresses again that,
although the relationship of Symbiodiniaceae with corals and
with giant clams, respectively, are comparable in many ways
(e.g., the provision of shelter, carbon, nitrogen, and other
inorganic nutrients by the host to their algal symbionts,
and simultaneous supply of photosynthetic metabolites by
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the symbiotic dinoflagellates to the host), some components,
specifically the interactions driven by the iridocytes, of these
symbioses are functionally different.

Models and assessments of the spectral light penetration into
giant clam tissues, previously reported iridocytes in Tridacninae
to promote a lateral- and forward scattering of photosynthetically
productive wavelengths of light into the clam host tissue, as well
as the back reflection of non-productive wavelengths (Holt et al.,
2014). Hence, they presumably establish optimal conditions for
the photosynthetic performance of the clams’ symbionts (Holt
et al., 2014; Ghoshal et al., 2016a).

Comparable mechanisms of light harvest through biological
nano- and microstructures and a resulting increase in
photosynthetic efficiency have been recently also reported for
other organisms (Jacobs et al., 2016; Goessling et al., 2018, 2019).
As in the case of the centric diatom Coscinodiscus granii, light
redistribution and thus increased efficiency in photosynthesis in
cell regions outside the directly illuminated area were affected by
the optical properties of the frustule valves (Goessling et al., 2018,
2019). Likewise, in Begonia leaves, the brilliant blue iridescence,
caused by specialized chloroplasts, is assumed to improve
photosynthetic quantum efficiencies, especially under low light
conditions (Jacobs et al., 2016). In giant clams, the process of
converting harmful UVR into photosynthetically active and still
highly energetic blue radiation may also contribute to support
the high rates of carbonate deposition and shell growth that
have been reported for Tridacninae (Bonham, 1965; Ip et al.,
2018; Chew et al,, 2019; Rossbach et al., 2019). Both, indirectly,
as elevated photosynthetic rates will lead to high internal pH
and a high saturation state for carbonate minerals, thereby
favoring calcification (McConnaughey and Whelan, 1997) and
directly, as blue light (i.e., highly energetic light) emitted by
the iridocytes exposed to UVR, has been suggested to directly
stimulate calcification rates (Cohen et al., 2016; Ip et al., 2017).

High absorption of UVR by guanine has been known for
decades, however, mostly in the context of mutations in DNA
due to the production of the oxidized form of guanine when

exposed to UVR - the main reason why UVR is mutagenic
(Kawanishi et al., 2001; Ravanat et al., 2001). However, the role of
guanine crystals in iridocytes has received attention only recently.
Holt et al. (2014) modeled, based on spectral shifts of irradiance
with depth into the Tridacna tissue, the photo-protective role
of giant clam role iridocytes. The present experimental data
extends these efforts by providing evidence that, in addition to
reflection, iridocytes in the T. maxima mantle tissues show a
clear absorbance of UVR wavelengths (200-400 nm; Figure 4),
consistent with the UVR absorption of pure guanine. Therefore,
our results identify a dual role of iridocytes, protecting the
animal from high-energetic wavelengths (including UVR), while
enhancing the flux of PAR to the symbiont by shifting the
UVR radiation absorbed into longer wavelengths within the
PAR range, where they can be used by the photosynthetic
symbionts. Further, our results provided evidence that the re-
emitted longer wavelengths are in fact contributed by guanine
(as shown in Figure 6B), the material which composes the
optically active components of the iridocytes in Tridacninae, as
well as similar guanine-containing structures in other animals
(e.g., squid, octopus, and chameleon) (Rohrlich and Rubin, 1975;
Cloney and Brocco, 1983; Teyssier et al., 2015).

Photonic Cooperation Leads to the Rich
Color Palette and Patterns of Giant Clam
Mantles

The photonic cooperation between guanine crystals within the
iridocytes of giant clams and chlorophyll, contributed by the
symbiotic algae, also generates the broad repertoire of colors
that characterizes the distinct and highly diverse mantle colors
found in giant clams, e.g., T. maxima (Figure 1). The variety
of apparent colors may be derived from different intensities of
violet (391 nm), green (530 nm), and red (676 nm) emission
peaks. Indeed, our results suggest that where chlorophyll a levels
are particularly high, relative to iridocyte levels, the mantle
coloration would appear reddish-brown (i.e., dominance of

21

Number of algal
symbionts per tissue
section

FIGURE 7 | SEM pictures of first 200 um of mantle tissue in a brown (A) and blue (C) phenotype of T. maxima. Bar plots represent numbers of Symbiodiniaceae in
tissue at four different tissue layers (50 wm increments), from tissue surface to a depth of 200 pm into the mantle tissue. Algal symbionts (Symbiodiniaceae) are
exemplarily highlighted with green arrows. Numbers of algal symbionts within each tissue section are presented as bars for the brown (B) and blue phenotype (D).
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673 nm emission peak), whereas high iridocyte levels may lead
to blue mantle coloration (i.e., dominance of 391 nm; Figure 1).
Hence, by shifting the relative abundance of chlorophyll a
relative to iridocytes, or their distribution within the mantle,
an individual animal could shift mantle colors, ranging from
blue to green and brown. A difference in relative abundances of
Symbiodiniaceae and their distribution within the first 200pm
of the T. maxima mantle of a brown (Figure 7A) and blue
(Figure 7C) phenotype is exemplarily illustrated in Figure 7.
Brown phenotypes would, therefore, overall harbor more algal
symbionts as blue phenotypes. Further, the pattern of distribution
of the algae within the tissue and between different tissue depths
varies (as exemplarily shown in Figures 7B,D, respectively).

Therefore, our experimental data show that, unlike assumed
in the past (Kamishima, 1990; Holt et al., 2014), giant clams
of different apparent colors are not intrinsically different in
optical properties. In addition, the observed nanostructures,
found on the surface of the giant clam mantle tissues could have
an influence on the light-harvesting and photonic proprieties,
and thus apparent color variants in T. maxima. The range
of coloration characteristic of T. maxima within individuals
may also derive from spectral shifts in incoming light, as
solar radiation penetrates into the ocean and is progressively
depleted of the red wavelengths, being strongly absorbed by
pure water and phytoplankton. Between Tridacninae species,
however, the concentration of iridocyte cells differs (Holt et al.,
2014), and T. maxima has been reported to display some of the
highest variabilities in coloration, hence possibly also highest
concentration of iridocytes. Further research would therefore
be needed to confirm if the differences in colorations in other
Tridacninae species would be likewise influenced by a “Mix-and
Match” of algal symbionts and iridocytes.

CONCLUSION

Our findings confirm that giant clam iridocytes convert
potentially damaging radiation into light emitted in the blue
part of the spectrum, which can be subsequently absorbed by
the photosynthetic pigments of the algal symbionts. This dual
mechanism, where bivalve host and symbionts are sheltered
from damaging UVR, while the flux of PAR increases, provides
a major advantage to Tridacninae due to two reasons: (1) the
exposure to high doses of UVR poses a particularly high risk
for marine organisms inhabiting (sub)-tropical seas, especially
for those being restricted to shallow, sunlit waters due to light
requirements, such as giant clams and (2) it expands the mutual
benefits of the symbiotic relationship between the host and
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