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Abstract. Iridophores are widely distributed in the animal kingdom. In bivalves, iridophores occur in photo-symbiotic
species belonging to the subfamilies Fraginae and Tridacninae. This paper describes the fine structure and distribution
of iridophores in species of Fraginae by light and electron microscopy.

Each iridophore consists of alternating layers of platelets and cytoplasm, both of about 100 nm in thickness, which
is the right order for multilayer interference to occur. The iridophores occur in the hypertrophied mantle margin, including
tentacles of the postero-dorsal area, and the supra-branchial chamber; these areas are exposed to sunlight when animals
keep their valves open and mantle margins expanded. In addition, they also occur in the mantle lining the translucent
portions of the posterior valve slope. The occurrence of iridophores appears to correlate positively with the intensity of
sunlight reaching the tissues.

The iridophores may function as protectors against harmful sunlight for bivalves. They also may serve to optimize
the light intensity for photosynthesis by zooxanthellae.

INTRODUCTION

Many animals have highly reflecting surfaces on various
parts of their bodies. In most cases, such high reflectance
is the result of thin-film interference from platelets con-
tained in specialized pigment cells called iridophores. Ir-
idophores contain many platelets in the cytoplasm and
can reflect light with a wide range of wavelengths (Den-
ton & Land, 1971; Land, 1972).

Among bivalves, brilliant blue or glittering white col-
ors of the hypertrophied mantle margin of giant clams
(subfamily Tridacninae; Cardioidea) are interference
(structural) colors reflected by dermal iridophores (Ka-
waguti, 1966). The species of the Tridacninae live in shal-
low and warm coral reef environments, where short
wavelength sunlight is predominant, and have a symbiotic
relationship with photosynthetic zooxanthellae (Yonge,
1936). Their mantle margins are widely expanded and
contain a great accumulation of zooxanthellae. Based on
their ecology, Kawaguti (1966) proposed that the iridop-
hores of Tridacninae might protect against harmful sun-
light or supply reflected light for photoreceptive organs
located on the wavy mantle margin facing the shell.

Such dermal iridophores also occur in species of Fra-

ginae (Cardioidea). These bivalves are also photo-sym-
biotic, live in coral reef environments, and contain nu-
merous zooxanthellae (Kawaguti, 1968, 1983; Ohno et
al., 1995). The shells of species of Fraginae are usually
compressed antero-posteriorly, and are smaller and thin-
ner than those of the Tridacninae. Their mantle margins
are not widely expanded beyond the shell margins except
for the tentacles (Ohno et al., 1995). Light transmission
to the zooxanthellae is facilitated by translucent portions
of the posterior slope of the shell. Thus, different areas
of the animal receive sunlight in Fraginae than in Tridac-
ninae. The iridophores of the Fraginae may be related to
their photo-symbiotic mode of life. However, little is
known about the fine structure and distribution or func-
tion of iridophores.

This paper describes the fine structure and distribution
of iridophores for three species of Fraginae: Fragum fra-
gum (Linnaeus, 1758), Fragum mundum (Reeve, 1865),
and Corculum cardissa (Linnaeus, 1758), and provides a
sound basis for understanding the function of iridophores
for photo-symbiotic bivalves. The evolutionary signifi-
cance of iridophores among photo-symbiotic species of
Fraginae is also discussed.
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Pigment granules
Figure 1. Semi-schematic cross sections of the mantle margin
of three . species of Fraginae. Three morphological types (disc-
shaped, elliptical, spherical) of iridophores and pigment granules
are figured. A. Fragum mundum. B. Fragum fragum. C. Cor-
culum cardissa. Key: mf. middle fold; of. outer fold: pg, perios-
tracal groove; pi, pallial line; pn, pallial nerve; t, tentacle. Not
to scale.

MATERIALS  and  METHODS

Animals were collected on the shallow sand and rocky
flats of Bise and Zampa, Okinawa Island, Japan, in Sep-
tember and December 1995.

To study the distribution of iridophores in the mantle
margins, specimens of three species (six individuals of F.
fragum, seven individuals of F. mundum, and five indi-
viduals of C. cardissa) were kept alive in the aquarium
at the Natural History Museum and Institute, Chiba. In-
dividuals were observed with a binocular microscope
when they expanded their mantle margins and tentacles
fully.

To further study the distribution of iridophores in the
mantle lining the shell interior and other soft parts, spec-
imens were fixed without sectioning into small pieces in
2% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.5),
and post-fixed in 0.5% osmium tetroxide for 1.5 hours in
order to emphasize the contrast between iridophores and
other cells. Shells were then slightly decalcified with
4.13% EDTA (pH 7.5) and removed from the soft parts
for observation with the binocular microscope.

For transmission electron microscopy (TEM), small
pieces (1-2 mm in thickness) were cut from two individ-
uals of F. fragum, two individuals of F. mundum, and
three individuals of C. cardissa, and fixed overnight in
2% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.5)
with 6% sucrose added for osmolarity. The tissue was
then washed in cacodylate buffer for 4 hours and post-
fixed in 2% osmium tetroxide for 1.5 hours. After dehy-
dration in an ethanol series, materials were embedded in
Epon 812 resin. One-|xm-thick sections were cut with a
glass knife and stained with toluidine blue for light mi-
croscopy. Ultra-thin sections were cut with a diamond
knife using an LKB-Ultrotome and stained with uranyl
acetate and lead citrate. The sections were examined and
photographed with a Jeol JEM-1200EX H TEM.

All the examined specimens are stored in the Natural
History Museum and Institute, Chiba (catalog numbers
CBM-ZM 114503, 114504, 114505). The taxonomic as-
signments made in this paper are based on Schneider
(1992, 1998).

SHELL  FORMS  and  LIFE  HABITS

The shell forms and life habits of the three species ex-
amined differ from each other Fragum fragum attains
about 35 mm in PSL (= posterior slope length: umbo to
postero- ventral comer). It lives in calcareous, bioclastic
sand flats and immerses the valves completely in the sed-
iment. The tentacles secrete mucus, and sand grains ad-
here to them. In the natural life position of F. fragum,
only the exhalant and inhalant siphons and a part of the
posterior mantle margins covering the shell gape are ex-
posed above the sediment surface (Ohno et al., 1995).
This infaunal mode of life results in a clean posterior
shell surface with no epibionts.
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Fragum mundum is a small (maximum PSL < 10 mm)
epifaunal species. It lives in intertidal rocky flats, attach-
ing to algae with mucus, and immerses only the anterior
part of the shell in algal mats or shallow sediments. The
posterior shell surface is usually covered by epibionts.
The shell form of F. mundum is similar to that of F.
fragum, but the former has a more acute angle between
the posterior and ventral valve margins.

Corculum cardissa attains about 50 nmi in PSL. It is
also epifaunal on sand flats. The shell is greatly expanded
in width but extremely compressed antero-posteriorly.
The posterior shell surface of the specimens living on
intertidal sand flats is usually covered by abundant epi-
bionts, whereas those living in subtidal zone have few
epibionts.

The shells of the three species are composed of a mo-
saic of translucent and non-translucent domains. The
most translucent domains (windows) are located on the
posterior valve slope of each species. In C. cardissa, there
are various interpretations of the microstructure of the
translucent windows proposed by Vogel (1975), Watson
& Signor (1986), and Seilacher (1990). Carter & Schnei-
der (1997) reconciled the various interpretations. Accord-
ing to them, the non-translucent domains of the posterior
valve slope of C. cardissa consist of a fibrous prismatic
(FP) outer, branching crossed lamellar (BCL) middle, and
irregular complex crossed lamellar (ICCL) inner layers.
At the translucent window, the FP outer layer penetrates
deeply into the more opaque BCL middle shell layer.
Deeper in the windows, such FP structure passes into a
dissected crossed prismatic (DCP) structure which forms
a planoconvex lens. This modification of the BCL middle
shell layer into a more translucent DCP structure is ef-
fective to enhance light transmission toward the shell in-
terior (Carter & Schneider, 1997).

In F. mundum, the posterior shell windows are as clear
as those of C. cardissa. The non-translucent domains are
milky white in color. Therefore there is high contrast be-
tween these two domains. The translucent windows are
composed of the needlelike outer crystallites in contrast
to the crossed lamellar outer shell layer of the non-trans-
lucent domains.

In contrast, the posterior shell windows of F. fragum
are less translucent than those of the other two species.

The windows are composed of needle-shaped outer crys-
tallites and a complex crossed lamellar inner layer The
needle-shaped outer crystallites radiate, and those of the
complex crossed lamellae in the inner shell layer are dif-
ferently oriented from one lamella subunit to another
(Ohno et al., 1995). Thus, light penetrating into the shell
of F. fragum is scattered by these two layers.

RESULTS

Gross  Morphology of  the Mantle  Margin

The morphology of the mantle margin was similar in
all three examined species. There were three folds at the
mantle margins. The outer and middle folds were rela-
tively small; the inner fold, which bore the tentacles, was
hypertrophied (Figure 1).

In F. fragum and F. mundum, the inner fold was fur-
nished with numerous tentacles and was moderately hy-
pertrophied, especially ventral to the inhalant siphon. In
F. fragum, the tentacles lay somewhat parallel to the sur-
face of the posterior valve slope when they extended fully
(Figure 2A), whereas those of F. mundum were often ex-
panded at a more or less perpendicular angle to the sur-
face of the posterior valve slope (Figure 2B). In these
species, the fully expanded tentacles around the two si-
phons were as long as the shell width. In addition, these
two species widely exposed their hypertrophied mantle
margins around the postero-ventral comer of the shell
(Figure 2A,B). In contrast, the inner mantle fold of C.
cardissa was less hypertrophied, and the tentacles were
slender and considerably shorter in comparison with their
body size. These inconspicuous tentacles extended from
the very narrow posterior shell gapes (Figure 2C,G).

Some tentacles around the two siphons of F. fragum
bore what appeared to be photoreceptive structures; sim-
ilar structures were not observed in F. mundum and C.
cardissa. The eye-bearing tentacles were more or less
shorter than plain tentacles. Mucus cells took the place
of the photoreceptive organs in the latter The photore-
ceptive structures were composed of lens cells, retinal
cells, and ciliated cells. Detailed information on the fine
structure of these will be presented in a separate paper.

Figure 2. Light micrographs showing the iridescent colors reflected by iridophores in living (A, B, C, G) and
fixed (D, E, F) specimens. A. Fragum fragum (11 mm in PSL), showing red iridescent color in the tentacles. B.
Fragum mundum (4 mm in PSL), showing red iridescent color penetrating through the translucent window (arrow
head). C. Corculum cardissa (30 mm in PSL), showing few epibionts on the shell surface. D. F. fragum (8 mm in
PSL, CBM-ZM 1 14503), showing the accumulation of iridophores in the postero-ventral area of the mantle. E. F.
mundum (same specimen as in B, CBM-ZM 114504), showing the iridophores located exactly beneath the trans-
lucent windows (arrow heads). F. C. cardissa (same specimen as in C, CBM-ZM 114505), showing the banded
arrangement of the iridophores. G. Enlarged view of posterior edge of C. cardissa in C, showing red iridescent
color penetrating through the translucent windows. Arrow heads indicate the pigment granules in a tentacle.
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Fine Structure of Iridophores
The fine structure of the iridophores was almost iden-

tical  in the three species.  The shape of iridophores
showed some variation in relation to their location. Iri-
dophores located in the mantle near the pallial nerve and
inside of the pallial line were always disc-shaped, and
attained about 50 |xm in maximum diameter (Figures 1,
3A, B). Sometimes the shape of these iridophores were
slightly modified near the epithelium (Figure 3D). In con-
trast, iridophores located in the mantle folds, especially
in the basal part of the tentacles, were often elliptical to
spherical in shape and about 10-15 jjim in maximum di-
ameter (Figures 1, 4A, B).

Disc-shaped iridophores contained a stack of 20-30
platelets. Platelets of neighboring stacks were arranged
parallel to each other (Figure 3 A, B). Each platelet was
bound by a double membrane and separated from the next
platelets by an approx. 100 nm-thick layer of cytoplasm
(Figure 5C). Each platelet was rectangular in shape with
truncated or rounded comers (Figure 5B), and measured
about 2-3 |xm X 1-2 |xm; and was about 100 nm thick.
The platelets had an almost uniform electron density, ex-
cept for occasional platelets in the intermediate stage of
organellogenesis that occurred near the nucleus of disc-
shaped iridophores (Figure 5A). The nucleus was usually
located peripherally; and rough endoplasmic reticula, mi-
crotubules, mitochondria, and Golgi bodies were occa-
sionally observed in the disc-shaped iridophores (Figure
5A).

In contrast, in the iridophores located in the tentacles,
the platelets were arranged in a somewhat irregular man-
ner (Figure 4A,B). Such an irregular arrangement of
platelets sometimes also occurred in disc-shaped iridop-
hores (Figure 3C). No apparent organelles such as nucle-
us, rough endoplasmic reticulum, or Golgi bodies were
observed, nor were intermediate stages of organelloge-
nesis of platelets seen. Isolated platelets were also found
extracellularly around the elliptical to spherical iridop-
hores, especially in the tentacles (Figure 4C,D).

Distribution of Iridophores
Iridophores were mainly distributed in the connective

tissues beneath the epithelium of the inner mantle fold of
the postero-dorsal area. They also occurred in the postero-
dorsal area of the supra-branchial chamber Both the man-
tle margin and the supra-branchial chamber were ob-
served in living specimens when animals kept their
valves open and mantle expanded (Figure 6: dotted area).

In these areas, the iridophores were usually tinged with
yellowish brown to red iridescent colors in seawater un-
der fluorescent lighting (Figure 2A). The same distribu-
tional pattern of iridophores was found in the three ex-
amined species regardless of shell size.

In the mantle margin, the disc-shaped iridophores were
most abundantly located at the proximal portion of the
inner fold, just beneath the epithelium around the pallial
nerve (Figure 1). They were usually arranged parallel to
the basal surface of the mantle epithelium (Figures 1,
3D). Large numbers of disc-shaped iridophores were
found in the hypertrophied inner fold. These disc-shaped
iridophores gradually decreased in abundance toward the
tentacles, while spherical iridophores and isolated plate-
lets gradually became more abundant distally in the inner
mantle fold (Figure 1). The spherical iridophores ap-
peared to be arranged more or less at random with respect
to the basal surface of the mantle epithelium. In the ten-
tacles, they were concentrated basally, but almost absent
distally, especially at the tentacle tip (Figure 2A). Only
occasional isolated platelets occurred in the distal part of
tentacles (Figure 4C,D). These appeared to be a gradual
transition from disc-shaped to elliptical and then into
spherical iridophores, with an apparent breakdown of cell
bodies and release of free platelets at the culmination of
this trend.

Iridophores in the tentacles were usually accompanied
by numerous pigment granules (= "melanophores" in
Kawaguti, 1966). These pigment granules were tinged
with whitish silver colors and occurred in distinct bands
along the tentacle (Figures 2G: arrow heads). They lay in
the connective tissues just beneath the epithelium (Fig-
ures 4B, D, 5E). Granules were polygonal and about 0.8
|xm in diameter (Figure 5D), and showed almost uniform
electron density. Although disc-shaped iridophores were
abundant, pigment granules were not observed in the
proximal portion of the inner mantle fold (Figure 1).

There were also abundant disc-shaped iridophores in
the mantle inside the pallial line of the postero-dorsal
area, just beneath the translucent shell windows in some
specimens. They were always arranged parallel to the
basal surface of the mantle epithelium (Figures 1, 3 A, B).
The occurrence of iridophores in this area showed vari-
ation with shell size and transparency.

Four small specimens of F. fragum (5.0, 8.0, 1 1.0, 1 1.5
mm in PSL, respectively) examined had iridophores in
the mantle inside the pallial line, especially beneath the
exhalant siphons. Figure 2D showed numerous irido-

Figure 3. TEM of iridophores in the mantle of Corculum cardissa (A, B, C) and Fragum mundum (D). A. Disc-
shaped iridophore located in the inside of the pallial line. B. Imbricated iridophores located near the pallial line. C.
Iridophore surrounded by pallial muscles. D, Iridophores located beneath the inner epithelium near the pallial nerve.
Key: ie, inner epithelium; m, muscle; pg, pigment granules. Scales in micron.
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phores occurring in the mantle inside the palhal Hne hn-
ing the posterior valve slope of a small specimen (8.0
mm in PSL). This specimen showed the most dense iri-
dophores in the area among four small specimens, where-
as the smallest one (5.0 mm in PSL) had less dense iri-
dophores in the corresponding area than this specimen.
In contrast, no iridophores were observed in the mantle
inside the pallial line in two larger specimens (14.0, 29.0
mm in PSL). The shells of these larger specimens were
much thicker, and their posterior valve slopes were milky
white in color and less translucent than those of the small-
er ones.

Among F. mundum examined (about 4.0 to 6.0 mm in
PSL), red iridescent color was observed through a trans-
lucent window of the posterior valve slope (Figure 2B).
Iridophores were locally restricted to the mantle lining
the translucent windows (Figure 2E).

In all specimens of C. cardissa examined, iridophores
were observed in the mantle lining the posterior valve
slope inside the pallial line. Yellowish brown to red iri-
descent colors were observed through the translucent
windows in a small (30 mm in PSL) specimen collected
from the subtidal zone (Figure 2C, G). This specimen had
abundant iridophores on the posterior slope of the mantle,
concentrated in bands that appeared to correspond to the
radial ribs on the shell surface (Figure 2F). In contrast,
specimens heavily fouled with epibionts had relatively
few iridophores, usually restricted to a narrow band along
the newly formed shell margin, where epibionts were less
abundant than in the older part of the shell. Numerous
iridophores also occurred in the mantle lining the anterior
side of the shells carina, where the shell was most com-
pressed antero-posteriorly.

Distribution of Zooxanthellae

In all three species examined, zooxanthellae occurred
intercellularly in almost all parts of the anatomy. Zoo-
xanthellae were most common inside the shell, especially
in the ctenidia, and less common in the exposed parts of
the mantle, including the tentacles.

In F. fragum and F. mundum, zooxanthellae were
found in the ventral mantle margins just near the postero-
ventral comer. Abundant zooxanthellae also existed with-
in the mantle inside the pallial line along the posterior
valve margins and posterior part of the ventral margin.
Abundance of zooxanthellae gradually decreased toward
the anterior in the mantle. Details of distribution of zoo-

xanthellae in F. fragum were described by Ohno et al.
(1995).

In contrast to Fragum species, C. cardissa contained
only a few zooxanthellae within the mantle lining the
posterior valve slope both outside and inside the pallial
line. The mantle lining the anterior valve slope, on the
contrary, contained abundant zooxanthellae.

DISCUSSION

Reflecting System of Iridophores

The fine structure of disc-shaped iridophores, such as
apparent organella, regular arrangement of platelets, and
intermediate stages of organellogenesis of platelets indi-
cates that they represent the initial stage in the differen-
tiation of iridophores. In contrast, an irregular arrange-
ment of platelets in the spherical iridophores and isolated
platelets occurring in the distal part of the mantle margin
indicates that the spherical iridophores represent the late
stages in the development of iridophores, which culmi-
nates in cellular degeneration and consequent liberation
of platelets. This irregular arrangement of platelets may
be a result of their translocation by blood current, i.e., by
expansion and contraction of tentacles. Thus, the follow-
ing discussion focuses on the reflecting system of the
disc-shaped iridophores.

The iridophores consist of alternating layers of platelets
and cytoplasm, both about 100 nm in thickness, whose
refractive indices are high and low, respectively. This
thickness is appropriate for multilayer interference to oc-
cur. Huxley (1968) showed that the highest reflectivity of
a multilayer system at a given wavelength Xg would be
given if these alternate layers all had an optical thickness
of % \q. Many biological reflectors, e.g., those found in
the integuments and eyes of fish and cephalopods, closely
approach such an "ideal" quarter wavelength arrange-
ment (Denton & Land, 1971; Land, 1972).

Assuming that the iridophores examined here are "ideal"
quarter wavelength reflectors, the highest reflectivity is
calculated from the formula X max = 4 n ,d., where n_, is
refractive index of platelet and d  ̂is actual thickness of
platelet, which is nearly equal to the thickness of the in-
ter-platelet cytoplasmic layer. Although chemical com-
position of the platelets of Fraginae is not examined in
the present study, they seem to be composed of chitin or
some solid insoluble protein, since they do not shatter or
disappear in preparation for electron microscopy as they

Figure 4. TEM of iridophores located in the tentacles of Fragum fragum (A, B) and Fragum mundum (C. D). A.
Spherical iridophores in the basal part of the tentacle. B. Spherical and irregularly shaped iridophores surrounded
by muscles in the basal part of the tentacle. C. Isolated platelets in the distal part of the tentacle. D. Isolated platelets
beneath the epithelium of the tentacle. Note the pigment granules in all pictures. Key: e, epithelium; pg, pigment
granules; z, zooxanthellae. Scales in micron.
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do in both Pecten and fish materials, which are composed
of guanine (Barber et al., 1967; Denton & Land, 1971;
Land, 1972). Taking the refractive index of platelets as
those of chitin or dry protein (e.g., keratin): n_, = 1.56
(Land, 1972), a peak reflectance is estimated at 4 n^d  ̂=
624 nm. In fact, yellowish brown to red iridescent colors
were reflected by iridophores in living specimens (Figure
2A,B,G). This indicates that the multilayer system of ir-
idophores is close to being an "ideal" quarter wavelength
reflector.

In all iridophores examined, the platelets were uniform
in thickness. Thus, variation in the observed colors must
be attributed largely to differences in inter-platelet spac-
ing. Changes in iridescent color from yellowish brown or
red in living animals (Figure 2B, G) into greenish yellow
following fixation (Figure 2E, F) must be due to shrink-
age of inter-platelet space. It can not be attributed to the
refractive index of ethanol (1.36), which is close to that
of seawater (approx. 1.34). In addition, irregular arrange-
ment of platelets in the spherical iridophores and isolated
platelets in the connective tissues results in different re-
flective colors from those of the disc-shaped ones.

Distribution of Iridophores

Light appears to be the main factor determining the
distribution of iridophores in the mantle inside the pallial
line.

In F. fragum, iridophores were common in the postero-
dorsal part of the mantle in small specimens, but absent
in the largest specimen examined. In F. mundum, iridop-
hores were concentrated in the mantle exactly beneath the
translucent windows. In C. cardissa, the banded arrange-
ment of iridophores in the posterior half of the mantle
was observed in the specimen with few epibionts on the
shell surface. Thus, the distribution of iridophores shows
good correlation with shell transparency. This suggests
that light is an important control in the development of
iridophores. It also implies that iridophores may disap-
pear with growth unless they receive the sufficient
amount of sunlight.

Functional Significance of Iridophores

Iridophores are distributed in the eyes and the integu-
ments of numerous animals (Denton & Land, 1971; Land,
1972; Bubel, 1984). They invariably have a multilayer
structure consisting of alternating layers with high and

Figure 6. Schematic figure of Fragum fragum showing the
anatomy and occurrence sites of iridophores (dotted area). Key:
aa, anterior adductor muscle; es, exhalant siphon; is, inhalant
siphon; pa, posterior adductor muscle. Modified from the text-
fig. 2 in Ohno et al. (1995).

low refractive indices. They can serve many functions.
Multilayer reflectors, for example, are found in many ver-
tebrate and molluscan eyes as tapetal reflectors (Denton,
1971; Barber et al., 1967). Fish and cephalopods use them
as mirrorlike reflectors that serve to camouflage them and
provide a display of surface color (Mirow, 1972a, b;
Brocco & Cloney, 1980), or serve as reflectors in pho-
tophores (e.g.. Young & Bennett, 1988).

It is obvious that the iridophores are not involved in
changes of body color in species of Fraginae since chang-
es of reflective color in the living animal and physiolog-
ically alterable chromatophores are not found.

In the examined species of Fraginae, neither photore-
ceptive organs nor photophores were observed in F. mun-
dum and C. cardissa. Although F. fragum had eyes in the
tip of the tentacles, no iridophores were present within or
around them. Therefore it is also clear that the iridophores
are not involved in photoreception and luminescence.

Kawaguti ( 1 966) proposed the idea that the iridophores
located in the expanded mantle of the giant clam Tridac-
na gigas (Linnaeus, 1758) reflect the sunlight to eyes on

Figure 5. TEM of iridophores and pigment granules of Corculum cardissa (A, C), Fragum fragum (B, E), and
Fragum mundum (D). A. Intermediate stage of organellogenesis of iridosomal platelets (arrow) near the nucleus.
B. Horizontal section through platelets. C. Vertical section through a stack of platelets of the disc-shaped iridophore.
D. Pigment granules in the tentacle. E. Accumulation of pigment granules beneath the epithelium of the basal part
of tentacle. Key: g, Golgi body; mi, mitochondria; mt, microtubule; n, nucleus; rer, rough endoplasmic reticulum.
Scales in micron.
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the mantle margin and this may facihtate the animals re-
sponse to changes of brightness in the environment. This
possible role does not apply here because the iridophores
located in the tentacles are fewer than those of the giant
clam and are usually covered by sand grains in F. fragum.

Although the species examined lack an association be-
tween iridophores and photoreceptive organs, Cerasto-
derma edule (Linnaeus, 1758) of the closely related sub-
family Lymnocardiinae has iridophores in the tentacle
eyes. Barber & Wright (1969) revealed that the iridop-
hores of C. edule function as photoreceptive reflectors.
The shape of platelets in the iridophores of C. edule is
similar to those of Fraginae. This resemblance may be
due to a similar chemical composition of the platelets in
the two groups. It is noteworthy that these closely related
groups evolved the same type of iridophore for different
functions.

There is a general agreement that the postero-dorsal
shell of the Fraginae became translucent to supply light
for zooxanthellae (Watson & Signor, 1986; Ohno et al.,
1995; Carter & Schneider, 1997). However, such shell
transparency may result in an oversupply of harmful light
to bivalves. Judging from the distribution of iridophores
within the mantle inside the pallial line, it seems that the
penetration of light in translucent portions of the shell is
effectively reduced by reflection of iridophores. Thus, the
prime function of iridophores may be to reflect excessive
and harmful light in the tropical coral reef environments,
where short wavelengths predominate. This reflection
may allow the optimal amount of light to reach the bi-
valves.

However, such a screening effect by the iridophores
may be disadvantageous for the photosynthesis of zoo-
xanthellae. Zooxanthellae need sufficient light for pho-
tosynthesis. However, zooxanthellae were not concentrat-
ed in the mantle just beneath the translucent shell win-
dows but occurred in the gill leaflets where iridophores
were not observed. Moreover, in C. cardissa, which had
the most translucent shell, zooxanthellae were most com-
mon in the anterior mantle, i.e., farthest from the imping-
ing light; the accumulation of zooxanthellae is not com-
mon in the brightest area within the mantle. This phe-
nomenon might be explained by "shade adaptation" of
zooxanthellae, meaning molecular level adaptation to en-
able photosynthesis in low light intensity (Falkowski &
Owens, 1980). Ohno et al. (1995) reported that the com-
pensation point of photosynthesis of the zooxanthellae of
F. fragum is one-quarter that of the zooxanthellae of the
epifaunal Tridacna maxima (Rbding, 1798) (Scott & Jitts,
1977), and indicated shade adaptation for the zooxan-
thellae of F. fragum. It seems reasonable therefore to sup-
pose that this shade adaptation of zooxanthellae influ-
enced the distribution of zooxanthellae within the soft
parts of Fraginae.

Another explanation for zooxanthellae to avoid living
in a brightly lit area is to reduce the impact of harmful

ultraviolet radiation. Gleason & Wellington (1993) re-
ported that increased ultraviolet radiation in clear water
induced coral bleaching (the loss of zooxanthellae) at
depths greater than 20 m in the absence of abnormally
high seawater temperatures. At such depths, zooxanthel-
lae living within the coral reported by them may be
shade-adapted species. Thus, it is likely that shade-adapt-
ed zooxanthellae avoid not only high light intensity but
also ultraviolet light. It is also likely that iridophores may
provide possible screening against ultraviolet light as well
as optimize light intensity, and thus provide shade-adapt-
ed zooxanthellae of Fraginae with a more light-protected
environment.

This screening effect has been demonstrated by Ka-
waguti (1966) for the iridophores of the giant clams (Tn-
dacna). In the case of giant clams, the iridophores are
associated with a great accumulation of zooxanthellae in
the hypertrophied mantle. Such differences in the mode
of association between iridophores and zooxanthellae in
the Fraginae and Tridacninae might be due to the different
ability of photosynthesis of the symbiotic zooxanthellae.

Additionally, the distal part of the tentacles had almost
no iridophores in spite of their exposure to high irradi-
ance. In this area, numerous polygonal pigment granules
were located beneath the outer epithelium, which may
play the role of protection against harmful sunlight in-
stead of iridophores. In fact, the tentacles of living spec-
imens were whitish silver in color because of the light
scattered by the pigment granules.

Concluding Remarks

Regulation of light supply by refraction and scattering
in the soft parts to protect the health of the animal is a
plausible function of the iridophores in the Fraginae. It is
also likely that regulatory effect provides optimum light
supply for the photosynthesis of zooxanthellae.

Ohno et al. (1995) proposed that the photo-symbiosis
in the Fraginae was initiated by the association of shade-
adapted zooxanthellae and an ancestral infaunal bivalve.
Because of such a point of view, a comparison with an
infaunal Fraginae Fragum unedo (Linnaeus, 1758) may
be helpful. Interestingly, the shell of F. unedo is not trans-
lucent, although the species is photo-symbiotic. Such a
non-translucent shell seems to retain the ancestral form
of the Fraginae. F. unedo has hypertrophied mantle mar-
gins containing many iridophores, and exposes them
widely on the sediment surface to collect light (Kawaguti,
1983; Ohno et al., 1995). This association of a photo-
symbiotic infaunal bivalve having a non-translucent shell
and iridophore indicates that an ancestral bivalve of the
Fraginae had iridophores in the exposed soft parts. It is
likely, therefore, that iridophores have developed in order
to regulate the light supply to the soft parts in the early
history of a photo-symbiotic relationship between the
Fraginae and zooxanthellae.
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Since photo-symbiosis was established, photosynthesis
of zooxanthellae may have worked as a selective agent
that would have favored an effective light supply. In order
to establish the effective light supply without risking pre-
dation, transparency of the shell may have developed.
Moreover, the iridophores may have increased their im-
portant role as regulators of the light both for the bivalve
itself and the zooxanthellae.
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