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Abstract Etmopterus spinax Linnaeus, 1758 is a deep-
sea lantern shark that emits blue light thanks to thousands
of tiny cup-shaped organs made of a pigmented sheath
enclosing light-emitting cells topped by an iris-like struc-
ture and a lens. In this study, we investigate the ultra-
structure of these photophores in order to improve our
understanding of the light emission process. The presence
of a novel layer, a putative reflector upholstering the pig-
mented sheath, is highlighted. The intracellular organiza-
tion of the photocytes is addressed. They appear as
regionalized cells: their basal area is occupied by an ovoid
nucleus, their medial area is highly vesiculated and their
apical area, oriented toward the photophore center, displays
small granular inclusions. We hypothesize this granular
area to be the intracellular site of photogenesis in E. spinax,
as it is also the most fluorescent part of the photocyte.
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Introduction

In the deep ocean, most taxa have bioluminescent members
that display a wide range of mechanisms to emit light and
take advantage of this particular interaction tool (Haddock
et al. 2010). The organ involved in this chemical process is
called photophore but this generic term includes many
different structural organizations (Hastings and Morin
1991). A luminescent unit can be as simple as one unique
light-emitting cell, the photocyte, or shows a much more
complex arrangement with numerous photocytes grouped
in the center of an organ—the photophore stricto senso—
and surrounded by various structures that enhance the light
emission effectiveness, including protective pigmented
layers, reflectors, focusing lenses and selective filters. In
luminous symbiotic organisms (mainly some teleosts and
cephalopods), photophores are specific structures contain-
ing luminous bacteria. In these bacterial photophores, the
light reaching the outside can be controlled by a removable
shutter or by physiological regulation (Herring 1982; Tong
et al. 2009). Photophores also greatly differ in size, number
and location: the teleosts Photoblepharon palpebratus
Boddaert, 1781 and Anomalops katoptron Bleeker, 1856
display only two large suborbital symbiotic photophores of
approximately 10 mm length (Haneda and Tsuji 1971);
most euphausiid species bear ten photophores ranging from
0.1 to 0.6 mm in diameter (Herring and Locket 1978),
while dalatiid sharks have thousands of 0.05-mm ventral
photophores (Claes and Mallefet 2009).

Investigating the fine anatomy of photophores is a key
step in the understanding of the light-emitting process and
allows linking function with morphology (Strum 1969a, b).
The ultrastructure of photophores has been described in
various luminous species, and the knowledge of the
photocyte’s intracellular organization provided a better
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understanding of the mechanism of bioluminescence. Mi-
crosources are the intracellular structures responsible of the
photogenesis. They are as diverse in their forms and
operating modes as the photophores themselves and often
difficult to identify with certainty. In dinoflagellates, mi-
crosources, called scintillons, are small organelles pro-
truding in a low-pH vacuole. An action potential along the
membrane of the vacuole triggers the light by creating a
protons flux toward the scintillon that activates the lucif-
erase and releases the luciferin, the two components of the
chemical reaction (Fritz et al. 1990). Coelenterates mi-
crosources, termed lumisomes, are vacuoles that are sup-
posed to contain all the molecules of the light-emitting
reaction, as only the addition of calcium ions is needed to
produce light (Anderson and Cormier 1973). In adult fire-
flies, microsources refer to vesicles containing dense
inclusions and microtubules. These vesicles share the fea-
tures of peroxisomes and were found to show a catalase
activity possibly related to light emission (Hanna et al.
1976). The photosomes of the Polynoidae are tridimen-
sional tubules of endoplasmic reticulum that form a para-
crystaline network bearing the protein responsible for the
light emission, the polynoidin. An action potential releases
oxygen radicals that activate this protein (Bassot and
Nicolas 1987). Osteichthyes and Chondrichthyes are the
only vertebrates known to be luminous. The ultrastructure
of photocytes in Chondrichthyans remains to be studied in
detail. In midshipman fish Porichthys spp., the cytoplasm
of the photocytes contains numerous vacuoles that tend to
coalesce during the light emission, which suggest their
involvement in the bioluminescent process (Anctil 1979a,
b).

In Chondrichthyes, all Dalatiidae (kitefin sharks) and
Etmopteridae (lantern sharks), which currently represent 56
species, 46 etmopterids and 10 dalatiids, have been
assumed to be luminous (Ebert et al. 2013); eleven out of
the twelve genera listed in these shark families have been
documented to bear photophores (Claes and Mallefet
2009). Ohshima (1911) studied the structure of photo-
phores in two etmopterid species (Etmopterus lucifer Jor-
dan and Snyder, 1902 and E. pusillus Lowe, 1839) and
found that the cup-shaped organ is composed of photocytes
surrounded by pigmented cells, which form a pigmented
sheath and iris-like structure, and topped by lens cells.
Studies on the ontogeny of photophores in E. spinax Lin-
naeus, 1758 (Claes and Mallefet 2008) support the afore-
mentioned results.

The purpose of this paper is to investigate the ultra-
structure of E. spinax photophores in order to describe their
different structural components with an emphasis on the
intracellular organization of the photocytes. This first
ultrastructural description is essential to improve our
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understanding of the light emission process occurring in
these structures.

Materials and methods
Shark tissue collection

Specimens of E. spinax were caught by longlines in Nor-
way (Raunefjord—60°15.908 N; 05°07.778 O) during two
field missions in November 2012 and March 2013. Sharks
were killed according to the local rules for experimental
fish care. Fresh skin patches with photophores were dis-
sected and fixed in a solution of either glutaraldehyde (3 %
glutaraldehyde, 0.1 M sodium cacodylate, 0.27 M sodium
chloride; pH 7.8) or formaldehyde (4 % formaldehyde,
0.052 M sodium phosphate monobasic, 0.082 M sodium
phosphate dibasic; pH 8.4) during at least three hours. Skin
patches were rinsed either in a cacodylate buffer (glutar-
aldehyde-fixed patches; 0.2 M sodium cacodylate, 0.31 M
sodium chloride; pH 7.8) or in a phosphate buffer (form-
aldehyde-fixed patches; 0.081 M sodium phosphate diba-
sic, 1.37 M sodium chloride, 0.015 M potassium phosphate
monobasic, 0.027 M potassium chloride, 0.25 % sodium
azide; pH 8.4) and stored in the corresponding solutions.
Glutaraldehyde-fixed patches were used for transmission
electron microscopy (TEM) while formaldehyde-fixed
patches were used for epifluorescence microscopy.

Transmission electron microscopy
Decalcification and post-fixation

Skin patches were immersed in a decalcifying solution
(OsteoRAL R fast decalcifier, RAL diagnostics) for
10 days at room temperature with a continuous agitation
(the solution was renewed every 2 days to avoid calcium
saturation) in order to get rid of the elongated skin denticles
that could jeopardize the sectioning process. Samples were
then post-fixed in osmium tetroxide (1 % osmium tetrox-
ide, 0.1 M sodium cacodylate, 0.27 M sodium chloride; pH
7.8) during 45 min and then progressively dehydrated in a
graded ethanol series.

Embedding

Skin patches were embedded in a Spurr’s resin [10 g ERL
4206 resin, 6 g DER 736 resin, 26 g nonenyl succinic
anhydride, 0.4 g dimethylaminoethanol]. After one night of
continuous agitation at room temperature, the resin solution
was heated at 70 °C for 24 h to trigger polymerization.
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Sections and contrast

Thin sections of 90-110 nm were obtained using an
ultramicrotome (Leica Ultracut UCT—Leica Microsys-
tems) and placed on copper grids. Sections were first
contrasted in uranyl acetate [0.18 M uranyl acetate solu-
tion:ethanol (2:1)] during 45 min and secondly in lead
citrate [0.08 M lead nitrate, 0.12 M sodium citrate, 0.16 M
sodium hydroxide] during 4 min. After drying, sections
were ready to be observed in a transmission electron
microscope (Zeiss Leo 906E) where micrographs were
taken. A 3D modeling of the structural components of the
photophore was finally performed using the software
Blender (Blender Foundation, Netherlands, software ver-
sion 2.68).

Quantitative data

Areas of structures (i.e., lens, photocytes, pigments,
photocyte vesicles and apical cells) were measured on the
micrographs using Image J (National Institutes of Health,
USA, software version 1.46r). These structures were
assimilated to spherical elements with circular section, and
their mean diameters with a standard error on the mean
were post-calculated based on the measured areas. To
measure the areas of the photocyte granules, the watershed
option of Image J was first run to distinguish each indi-
vidual granule from each other’s. The particle analysis
option was then applied to calculate the area of each
granule, and one mean diameter was calculated per
photocyte. The number of photocytes (Npho) present in a
photophore was estimated from selected photophore
micrographs (those displaying at least two entire photo-
cytes i.e., photocytes displaying their granular area in
addition to their vesicular area and/or their nucleus, which
indicate the section to pass through the photophore center),
using the following formula:

3
A hot ?
Nphot = ( -
pro Atot
where Appo is the area of an entire photocyte and A is the
whole area occupied by photocytes.

Fluorescence observations

Skin patches fixed with formaldehyde were decalcified and
embedded as described before. Semi-thin sections of
600 nm were obtained using the ultramicrotome, put on a
slide and directly observed with a fluorescence microscope
(Leitz Diaplan). No post-fixation and contrast steps were
applied.

Results
Structure of the photophore

The 3D modeling (Fig. 1) shows an overview of the
structures constituting the photophore: a hemispherical
cup-shaped layer of pigmented cells, the pigmented sheath,
that encloses the other components surmounted by differ-
ent cell types (I and II) that make the transition to the lens,
placed in the apical region of the photophore (Fig. 1a). As
the pigmented sheath is removed, a previously undescribed
layer, the reticulated layer, is highlighted (Fig. 1b). Inside
the reticulated layer, the light-emitting photocytes show a
particular orientation toward the center of the photophore
(Fig. 1c, d). In cross-section (Fig. 2), the pigmented sheath
and the reticulated layer form an arch-like structure and
photocytes appear as ovoid cells packed against each other,
leaving few intracellular spaces. On each side of the
photocytes, some pigmented cells form the iris-like struc-
ture. Number of photocytes per photophore (Npne) was
estimated to range from 5.22 to 18.66 (mean num-
ber = 13.16 £ 0.76, N = 18).

Pigmented sheath and iris-like structure

The pigmented cells can be either elongated and piled on
each other as a heap of leaves in the pigmented sheath
(Fig. 3a, b) or branched and spread on each side of the
photophore in the iris-like structure (Fig. 3a, c). Inside the
pigmented cells, dark pigments are densely packed to form
numerous oval melanosome-like organelles (diameter of
0.39 = 0.01 pm, N = 100).

Reticulated layer

This layer enclosed the photocytes and upholsters the inner
face of the pigmented sheath. It is packed of thin cells with
a flattened nucleus pushed against the cell wall and a lumen
filled with a reticulated matrix (Fig. 4a). This three
dimensional web is composed of fibrous material forming
polygonal boxes that appear empty on the micrographs
(Fig. 4b).

Photocytes

Photocytes (diameter of 15.46 + 0.51 pm, N = 34) are
regionalized cells grouped in the center of the photophore
just above the reticulated layer (Fig. 5a). Their spherical
nucleus, which presents deep cytoplasm protrusions
(Fig. 5b), is usually located in their basal part and adjoins
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Fig. 1 3D modeling of the photophore. a Entire photophore with
photocytes enclosed in the pigmented sheath (PS). b Reticulated layer
(RL) revealed by pigmented sheath removal. ¢ Photocytes (Ph)

a highly vesiculated region that will be further referred as
the “vesicular area.” In this intermediate zone, vesicles
are numerous and can be separated into two types: ovoid
(diameter of 2.12 + 0.13 pm, N = 36) and polygonal
vesicles (diameter of 0.49 4+ 0.02 um, N = 100), which
are more numerous. The apical region of the photocyte is
completely filled with granular inclusions (diameter of
0.38 £ 0.01 pm, N = 44) irregularly shaped and dense to
electrons; it will further be referred as the “granular
area.” By contrast, the lumen surrounding the granular
inclusions appears white, revealing no electron

@ Springer

revealed by reticulated layer removal. d Photocytes isolated from
other photophore components, revealing their particular orientation.
CT I cellular type I, CT II cellular type II, L lens

absorbance there (Fig. 5f). This area is not surrounded by
a membrane although it forms a distinct part of the
cytoplasm. The granules present in this region can also be
found in smaller number in the vesicular area, packed
between the vesicles. In this sense, both areas seem to be a
continuum (Fig. 5d, e). Interestingly, the areas of the
photocytes are not oriented randomly: The granular area
of a photocyte is always oriented toward the center of the
photophore (Figs. 2b, 3a, 6). This typical orientation is
also visible in fluorescence microscopy as the granular
area presents the highest fluorescence intensity (Fig. 7).
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Fig. 2 Cross-sections of a photophore. a 3D modeling of a cross-
section in a photophore. b Corresponding micrograph cross-section in
a photophore. C capillary, CT I cellular type I, CT II cellular type II,

Apical structures

Above the photocytes are located different cell types that
make the transition between the photogenic and lens cells.
In the first cellular type (diameter of 10.79 4+ 0.27 um,
N = 32), the nucleus, located in the center of the cell, is
surrounded by a fibrous material that constitutes a tridi-
mensional web filling the whole cytoplasm (Fig. 8a, b).
Those cells are preferentially located near the lens
(Fig. 2b). Only the nucleus of the second cellular type—
usually observed closer to the photocytes (Fig. 2b)—can be
observed (Fig. 8c). For this reason, no quantitative data
were taken. The lens (diameter of 27.7 £ 1.2 pum, N = 20)
is composed of one or sometimes two cells situated at the
apical end of the photophore. These cells are bigger than
any other cells in the photophore and present a typical
convex shape (Fig. 2b). The nucleus of the cell is pushed
against the cell membrane, as the cytoplasm is entirely
filled with a vacuole containing a homogeneous substance
moderately dense to electron.

LS iris-like structure, L lens, Ph photocyte, PS pigmented sheath, RL
reticulated layer. Scale bar 10 pm

Discussion

Previous studies, using optical microscopy, revealed a
simple organization of the etmopterid light-emitting organ:
a cup-shaped hemisphere composed of a protective layer of
pigmented cells, an iris-like structure, a few photocytes and
a lens (Johann 1899; Ohshima 1911; Claes and Mallefet
2008). Using the TEM technique, we were able to inves-
tigate the ultrastructure of photophores of the lantern shark
Etmopterus spinax and the presence of an undescribed
layer as well as various intracellular components have been
highlighted.

Fishes show a great diversity in the morphology and
operating mode of their photogenic structures. The subor-
bital photophores of the teleosts Photoblepharon spp. and
Anomalops spp. are large elliptical organs containing
tubules full of luminous bacteria measuring from 2 to
3.3 um long and identifiable on electron micrographs
(Haneda and Tsuji 1971). So far, no bacterial symbionts
have been reported in luminous sharks, and our results did
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Fig. 3 Pigmented cell morphologies. a Photophore cross-section
showing the pigmented sheath (PS) and the iris-like structure (ILS).
b Typical shape of the pigmented cells when located in the pigmented
sheath. ¢ Typical shape of the pigmented cells when located in the

iris-like structure. Arrow shows a pigment organelle. CT II cellular
type II, N nucleus, Ph photocyte, RL reticulated layer. Scale bar
10 pm

Fig. 4 Reticulated layer. a Photophore cross-section located before
the photocytes and showing the reticulated layer (RL). Scale bar
10 um. b The corresponding 3D modeling. ¢ Magnification of the

not reveal the presence of bacteria inside the photocytes of
E. spinax. Intrinsic luminescence, on the opposite, is the
light produced by chemicals within an organism’s intrinsic
tissue and not by symbionts (Haddock et al. 2010). In most
intrinsic photogenic structures, the luminous material

@ Springer

reticulated matrix. ILS iris-like structure, PO pigment organelle, PB
polygonal box, PS pigmented sheath. Scale bar 1 pm

Fig. 5 Photocyte zonation. a Typical regionalization of the photocyte »
with the nucleus (N), the vesicular area (VA) and the granular area
(GA). b Nucleus with its cytoplasmic protrusions (arrow). ¢ Vesicular
area showing numerous homogenous gray dense vesicles (V). d and
e Transition between the vesicular and the granular areas showing a
continuum between both. f Granular area with congregated granular
inclusions (GI). Non-captioned scale bars, 2 pm
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remains within the photocytes, but secretory luminescence
can also be observed. In sharks, this particular light emis-
sion mechanism is reported for Euprotomicroides zante-
deschia Hulley and Penrith, 1966, which has been
hypothesized to eject luminescent secretion from the
abdominal pouch (Munk and Jorgensen 1988). In teleosts,
secretory luminescence has been studied in Gonostoma
elongatum Giinther, 1878. These particular photogenic
structures are very different from what we observed in E.
spinax photophores (Fig. 9), which did not show any
excretory structure.

Shark photocytes are generally encircled by pigmented
cells, in both etmopterid and dalatiid species (Claes and
Mallefet 2009), and this structural characteristic is also
present in Osteichthyes (Fig. 9). In E. spinax, we showed
that pigmented cells present different morphologies
according to their role in the light emission process. Flat
and elongated pigmented cells form the sheath that

.,

- :
S5 =
» S

prevents light dispersion toward the dermis and underlying
muscles, while branched pigmented cells form an iris-like
structure that mechanically control the light emission.
Ohshima (1911) studied the iris-like structure of etmopte-
rid and found that pigmented cells display “pseudopodia-
like projections” in three directions that decrease the light
reaching the outside, which is supported by our results
(Fig. 3a, c). The iris-like structure has been shown to open
when the photophore is stimulated by adequate hormones,
resulting in an increase in light intensity by retraction of
the “pseudopodia-like projections” (Claes and Mallefet
2010).

To efficiently counterilluminate, pelagic organisms
have to produce a ventral glow matching the angular
distribution, intensity and spectrum of residual down-
welling light (Denton et al. 1972). As a consequence,
most counterilluminating teleosts and cephalopods have
developed accessory structures such as specialized filters

=

Fig. 6 Group of photocytes showing the characteristic orientation of the granular areas (GA). N nucleus, PS pigmented sheath, RL reticulated

layer, VA vesicular area. Scale bar 10 pm
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Fig. 7 Superimposition of two
pictures of a 600-nm
photophore cross-section: a
fluorescent picture showing the
autofluorescence of the
photocytes and a white light
picture showing the
delimitations of the photocytes.
Ph photocyte, PS pigmented
sheath, RL reticulated layer, GA
granular area. Scale bar 50 pm

and reflectors to finely tune the physical characteristics
of their luminescence (Nicol 1957; Denton et al. 1972,
1985; Harper and Case 1999; Jones and Nishiguchi
2004). These optical structures, on the other hand, are
considered to be absent in shark photophores (Iwai 1960;
Herring and Morin 1978), which is surprising since these
organs can also be used in counterillumination as it was
recently confirmed in E. spinax (Claes et al. 2010a).
However, given the spatial organization and general
morphology of the reticulated layer (Figs. 1, 2, 4), which
are similar to previously described reflective structures
(Denton 1970; Fishelson et al. 2005), we hypothesize
this layer to fulfill the function of a reflector in E. spinax
photophores. Indeed, the cells of the reticulated layer
contain a reticulated matrix of polygonal boxes (Fig. 4b)
that appear similar to those observed in others species
such as the cardinal fish Siphamia cephalotes Castelnau,
1875 (Fishelson et al. 2005) or the midshipman fish
Porichthys notatus Girard, 1854, although reflector cells
of the latter appear more needle shaped (Strum 1969a,
b). The presence of the reticulated layer in dalatiid
species still remains to be confirmed. The polygonal
boxes in E. spinax might have enclosed crystals with
reflective properties. Reflector crystals usually refer to
guanine (Denton 1970; Denton et al. 1985; Fishelson
et al. 2005), which unfortunately have the property to
solubilize when stained with uranyl acetate and lead
citrate (Strum 1969a, b), a method used in this study.
Attesting the reflective role of the reticulated matrix
would therefore require unstained thin sections in order

to study the reflective properties and characteristics
(thickness and orientation) of crystals.

The lens is a major component of fish photophores
with internal light events. The typical convex shape of
the lens covering E. spinax photophores (Fig. 2b) is
perfectly designed to focus the light emitted outside. The
role of the two cell types located between the photocytes
and the lens is more difficult to assess. The cellular type
I, which contains fibrous material and are often closely
associated with the lens (Figs.2b, 8a, b), probably
ensure the stability of the lens even though they could
also be involved in the control of the light emission.
From the cellular type II, only the nucleus is still visible
in the sections (Fig. 8c). For this reason, hypothesizing
its function based on the morphology is impossible. Yet
an involvement in the light emission control can also be
suggested here. Claes et al. (2011) demonstrated the
presence of y-aminobutyric acid (GABA) in the cells
surrounding photocytes and in the epidermal cells and
argued for GABAergic modulation of the light emission
in E. spinax. A closer examination of these cells using
immunocytological techniques would be necessary to
reveal the presence of GABA.

We found between 5 and 18 photocytes per photo-
phore in E. spinax, which is slightly higher than previous
estimation on this species (4-6, Johann 1899), but close
to what was observed in two other etmopterid species, E.
lucifer and E. pusillus (about 14, Ohshima 1911).
Although the higher number found in this study regard-
ing E. spinax might be linked to intraspecific difference,
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Fig. 8 Cellular types I and II.
a Typical nucleus (N) location
in the center of the cellular type
1 (CTI). b Fibrous material
filling the cytoplasm of the
cellular type I. ¢ Nucleus of the
cellular type II (CTII). Scale bar
5 um

it might also be linked to our TEM-based three dimen-
sional estimation method, which provides higher but
more accurate values than simple two-dimensional
countings. The main structural difference regarding
etmopterid and dalatiid photophores lies in the presence
of a single photocyte in this latest (Fig.9), the ultra-
structure of which remains to be studied. Interestingly,
however, embryos of E. spinax also display photophores
with single photocytes (Claes and Mallefet 2008; Claes
et al. 2010b), a feature among others suggesting a unique
origin of luminescence capability in sharks (Claes et al.
2012).

E. spinax photocyte ultrastructure revealed the pre-
sence of an apical area full of small granular inclusions
i.e., the granular area, which is always oriented toward the
center of the photophore, below the lens (Figs. 2b, 3a, 6).
This feature has been observed in P. notatus (Strum
1969a, b). We suggest that such a physical conformation,
which is not random, aims to optimize the amount of light
captured by the lens. By superimposing a picture showing
the autofluorescence of the photocytes with the same
picture in white light, we observed that the granular area
corresponds to the most intense fluorescent part of the
photocyte (Fig. 7). In some cases (e.g., in the cephalopod

@ Springer

Vampyroteuthis infernalis Chun, 1903; Robison et al.
2003), bioluminescent compounds are autofluorescent and
this fluorescence helps to locate the bioluminescence site
(Bassot and Bilbaut 1977; Sweeney 1980). The granular
area likely also corresponds to the previously described
“fluorescent vesicle” (Claes and Mallefet 2008; Claes
et al. 2010b). It must be pointed out that no membrane
surrounding this area was observed, and therefore, it does
not form a delimitated vesicle per se. Because the appa-
rition of this fluorescent area has been correlated with the
functionality of the photophore in E. spinax embryos
(Claes and Mallefet 2008), we assume the granular area to
represent the site of photogenesis and hence the granular
inclusions to be the microsources of E. spinax photo-
phores. The role of the vesicles, located in the vesicular
area, is still unknown. We cannot rule out their involve-
ment in the bioluminescent process possibly by storing or
releasing one of the components of the chemiluminescent
reaction.

In conclusion, this study provides evidence of an
intrinsic bioluminescence with no excretory activity in E.
spinax photophores. In addition, it reveals the presence of a
novel reflector-like layer and putative microsources in the
apical granular area of the photocytes. Future work will
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Fig. 9 Intrinsic ventral photophores of fishes. A similar color
highlights analogous structures. Unlabeled cells in E. spinax and E.
zantedeschia are cells closely associated with photogenic tissue
whose function is uncertain. C capillary, FI excreted luminous fluid,

attempt to characterize the morphological changes occur-
ring within the photocytes during the light emission
process.
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