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Abstract: Bioluminescence is a common ecological trait among many marine organisms, including
three shark families: Etmopteridae, Dalatiidae, and Somniosidae. The kitefin shark, Dalatias licha
(Bonnaterre, 1788), from the Dalatiidae family is the largest known luminous vertebrate. This
study compares the light organ ultrastructure of D. licha with that of Etmopterus spinax, the type
species of Etmopteridae, to gain a deeper understanding of the light emission process and its
evolutionary conservation within shark families. The ultrastructure of D. licha’s photophores and
the morphological changes that occur after hormonal stimulation (via melatonin and «-MSH, which
stimulate or inhibit the bioluminescence, respectively) were examined. The photophores consist of a
spherical pigmented sheath surrounding a unique, regionalized light-emitting cell (photocyte). The
photocyte’s basal area contains a specific area filled with granular inclusions that resemble the glowon-
type microsources of E. spinax, suggesting that this area is the intracellular site of light emission. An
acidophilic secretion, not present in Etmopteridae, is also observed within the granular area and
may be involved in photogenesis. The ultrastructure analysis reveals no lens cells or reticular layer,
unlike in Etmopteridae photophores, indicating a simpler organization in Dalatiidae photophores.
Melatonin stimulation causes the removal of pigments from the photophore-associated melanophores
and an increase in the granular inclusion diameter and coverage in the granular area, further showing
that this last area is the potential site of light emission, while x-MSH stimulation causes the extension
of the melanophore pigments and a decrease in the granular inclusion diameter and coverage. These
results support the evolutive conservation of photophore functional organization across luminous
etmopterid and dalatiid sharks.
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1. Introduction

The ability to emit visible light is a common feature in many phylogenetically dis-
tinct deep-sea species [1,2]. Bioluminescent taxa possess a wide range of light emission
mechanisms, clearly illustrating the ecological importance of this ability [3-5]. Structures
involved in luminescence are diverse, from single cells called photocytes as observed in
ctenophores and anthozoans, to complex organs generically called photophores in crus-
taceans, cephalopods, bony fishes, and elasmobranchs [1,6-11]. Complex photophores are
often composed of numerous photocytes, the photogenic cells encased in the organ core
surrounded by different structures that enhance the light emission efficiency, such as reticu-
lar reflecting and pigmented layers, lenses, or wavelength-selective filters. In some species
(mainly bony fish and cephalopods), light emission is mediated via symbiotic luminescent
bacteria, and bacterial photophores are specifically dedicated to this symbiosis [6,12-14].
Other organisms can produce their own bioluminescent light within photocytes (i.e., auto-
genic photophores) [15-20]. Photophore location, number, and size greatly differ between
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different species. For example, most of the deep-sea oplophorid shrimps display autogenic
photophores spread across the entire shrimp body and appendages, from single isolated
photophores with a unique photocyte to photophore clusters [15,16]. In bioluminescent
bony fishes, autogenic photophores also present in diverse locations and are complex,
presenting diverse structures such as reflectors or lenses [17-20]. The characterization of
the ultrastructure and dynamic changes during the luminescence of a photophore allows a
deeper morpho-functional understanding of the luminescence process.

Within deep-sea luminous taxa, luminous sharks are encountered in three Squali-
formes families: the Etmopteridae, the Dalatiidae, and the Somniosidae (Somniosidae
are, however, paraphyletic) [21]. Up to now, all etmopterid and dalatiid species were
assumed to be luminous, while only one somniosid species, Zameus squamulosus, was
described as bioluminescent [21,22]. Shark luminescence is hormonally controlled. Mela-
tonin (MT) triggers a long-lasting glow, while adrenocorticotropic hormone (ACTH) and
alpha-melanocyte-stimulating hormone («-MSH) inhibit it [21,23,24]. Prolactin was also
demonstrated to activate the light production in etmopterids, while it decreases biolumi-
nescence in a dalatiid species, Squaliolus aliae [25]. The main bioluminescence function
in sharks is counterillumination. The sharks are emitting light that mimics the environ-
mental surrounding light to camouflage themselves from predators or approach benthic
preys [21,26]. This function is assumed by minute photophores spread mainly within the
ventral integument [21]. Although the function is assumed to be conserved, histological
differences in the photophore structure exist between luminous shark families [21]. One of
the first descriptions of etmopterid photophores revealed a cup-shaped organ composed of
multiple photocytes surrounded by a pigmented layer, surmounted by an iris-like structure
(ILS), and topped by lens cells [27]. The ontogenic development of the velvet belly lantern-
shark, Etmopterus spinax, photophores supports this description with (i) the formation of a
pigmented layer, (ii) followed by the emergence of protophotocytes and lens cells, (iii) then
the maturation of photocytes which start to produce light when green-fluorescent vesicles
appear [28]. More recently, the Etmopteridae photophore ultrastructural organization and
cytological changes occurring during light emission were investigated in E. spinax [11,29].
A thin reflective guanine layer upholstering the pigmented layer was highlighted and
assumed to redirect the emitted light to the outside of photophores [11]. Moreover, the
intracellular organization of the photocyte was described and appears to be regionalized
with a basal area occupied by an ovoid nucleus, a highly vesiculated medial area (vesic-
ular area), and an apical area displaying numerous small granular inclusions (granular
area) [11]. This last area was assumed to be the intracellular site of the luminescence reac-
tion in lanternsharks and the granular microsource inclusions of photogenesis were named
glowons [11]. The analysis of photocyte cytological changes demonstrated a modification
of the inclusion density during hormone-induced luminescence [29]. Changes also occur
within the ILS area during light emission. This pigmented cellular area plays a role in
the propagation of light by acting as a shutter diaphragm to regulate the amount of light
reaching the outside [24,29,30]. Ultrastructurally depicted as displaying two different types
of melanocyte-like cells, the ILS has been shown to open when the photophore is producing
light, resulting in a luminescence intensity increase via motions of pigmented granules
along the pseudopodial projections of the melanocyte-like cells [29,30].

Conversely to the etmopterid shark, only standard histology is depicted for dalatiid
and somniosid photophores. The first descriptions of dalatiid photophores date back to
the 18th century for Squaliolus and Euprotomicrus bispinatus [31,32]. Interestingly, the single
photocyte is composed of a nucleus, a cytoplasmic area, and a large acidophilic secretion in
E. bispinatus [30]. The general morphology of photophore was also investigated in a few
other species (i.e., Isistius brasiliensis and Dalatias licha): a round-shaped organ composed of
a single photocyte embedded in a pigmented sheath and surmounted by lens cells [26,33].
The photophore morphogenesis during the embryogenesis of Squaliolus aliae follows the
same four steps as the development of photophores in Etmopterus spinax [34]. The morphol-
ogy of the Zameus photophore is similar to that of the light organ of dalatiids [22]. Both
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families have significantly smaller photophores (i.e., 40 to 83 um mean diameter depending
on the species) than the etmopterid (i.e., 150 pm mean diameter) [21]. As an exception,
two dalatiid genera, Euprotomicroides and Mollisquama, present abdominal and pectoral
glands, respectively, which excrete a luminous fluid in addition to putative classical ventral
photophores [35].

The present work aims to ultrastructurally depict the photophore of the dalatiid D. licha
to describe the different components with an emphasis on the intracellular organization
of the single photocyte. Cytological changes after hormonal treatments triggering or
inhibiting luminescence production are highlighted, and a comparative aspect with the
previously described etmopterid photophore is also presented. These results improve
our knowledge and understanding of the bioluminescence process occurring in these
integumental photogenic structures and give valuable insights into the evolution of light
organs in luminescent sharks.

2. Materials and Methods
2.1. Specimen Sampling

A total of 37 specimens of Dalatias licha were captured as by-catch off the coast of
eastern New Zealand during the Chatham Rise Trawl campaign on board the R.V. Tan-
garoa in January 2020 [26]. Kitefin shark capture occurred at depths ranging from 443
to 997 m. Sharks were euthanized following a full incision of the spinal cord at the
level of the first vertebrae, according to the European regulation for animal research
handling. For this study, fresh ventral skin patches bearing photogenic structures of
three specimens were dissected using a metal cap driller (6 mm diameter), rinsed in
shark saline [292 mmol L~! NaCl, 3.2 mmol L~! KCl, 5 mmol L~! CaCl,, 0.6 mmol L~}
MgSO;, 1.6 mmol L~! NaySOy, 300 mmol L1 urea, 150 mmol L~! trimethylamine N-oxide,
10 mmol L~! glucose, 6 mmol L~! NaHCOj3; total osmolarity, 1.080 mOsmol; pH 7.7 [36]],
and then either directly fixed (control) or subjected to hormonal treatments. To trigger
light emission, skin patches were immersed in 200 pL of a solution of MT 107 mol L~!
(M5250, Merck, Darmstadt, Germany) for 5 min, and then fixation occurred. To analyze the
effect of luminescence inhibition by a-MSH, skin patches were first bathed in 100 puL of MT
solution (107® mol L) for 5 min, after which 100 uL of an o-MSH 10~® mol L~! (M4135,
Merck, Darmstadt, Germany) solution was added, then skin patches were fixed. For all skin
patches, fixation was made in a solution of glutaraldehyde (3% glutaraldehyde, sodium
cacodylate 100 mmol L~!, NaCl 0.27 mol L~!; pH 7.8) for at least three hours. Skin patches
were rinsed in a cacodylate buffer (sodium cacodylate 200 mmol L~!, NaCl 310 mmol L~1;
pH 7.8) and stored in the same buffer until used.

2.2. Microscopy Observation

Samples were bathed in a decalcifying solution (OsteoRAL Fast decalcifier for Large
Anatomical Specimens; RAL diagnostics, Martillac, France) with stirring in a cold room
with solution changes every 2 days for 10 days to ease sectioning. Then, samples were
post-fixed in osmium tetroxide (1% osmium tetroxide, sodium cacodylate 100 mmol L1,
Sodium chloride 270 mmol L~; pH 7.8) for 45 min, followed by progressive dehydration
in graded ethanol series. Skin patches were then embedded in a Spurr’s resin (EM0300,
Merck, Darmstadt, Germany) following [11]. Semithin sections of 600 nm were obtained
using a Leica Ultracut UCT ultramicrotome (Leica Microsystems, Wetzlar, Germany) and
mounted in glass slides (VWR® Microscope slides, VWR, Rosny-sous-bois, France). Then,
sections were colored with a 1/1 mixture of 1% methylene blue and 1% toluidine blue
in distilled water and observed under a stereomicroscope (Zeiss Axio Scope Al, Zeiss,
Oberkochen, Germany) coupled with an Axiocam 305 color camera (Zeiss). Ultrathin
sections of 100 nm were also obtained using a Leica Ultracut UCT ultramicrotome (Leica)
and delicately placed on copper grids. Sections were subjected to uranyl acetate contrast
solution [uranyl acetate solution 180 mmol L~ in ethanol (2:1)] for 1 h, followed by abath in
lead citrate (lead citrate 80 mmol L1, sodium citrate 120 mmol L~!, NaOH 160 mmol L_l)
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for a duration of 4 min, and left to dry. Sections were observed in a transmission electron
microscope (Zeiss Leo 906E, Zeiss, Oberkochen, Germany) coupled with a Jenoptik camera
(Jenoptic ProgRes® CFcool, Iéna, Germany) and micrographied. Finally, a 3D model of the
photophore structural components was performed using the Blender software (Blender
Foundation, Amsterdam, The Netherlands, version 2.68).

2.3. Micrography Analyses

Semithin sections were used to measure the mean diameter of the photophore and
the different associated structures (photocyte, pigmented zone). Micrographs of ultrathin
sections allowed us to measure the diameter (um), coverage (%), density (count per um?),
and surface (um?) of granular inclusions under the three treatments (i.e., control, mela-
tonin, and x-MSH). Measurements were obtained via micrography analyses on Image]
software [37]. A total of 44 and 18 different photophores (obtained from 3 individuals)
were analyzed for semithin and ultrathin sections, respectively.

Comparisons between the different measurements for each treatment were performed
on Rstudio [38] using Student’s t-tests. Statistical parameters were obtained through
Bartlett’s and Levene’s tests. Statistical difference was considered significant when the
p-value was under 0.05.

3. Results
3.1. Photophore Ultrastructure

Histological results allow us to observe spherical-shaped photophores of D. licha lo-
cated within the stratified squamous epidermis near the basement membrane (Figure 1B,C).
Serialized sections across the skin allow the 3D reconstruction of the light organ. Pho-
tophores (diameter of 60.86 & 1.26 um, N = 44 observed photophores, Supplementary
File S1) are composed of a unique photogenic cell encased in a spherical layer of pigmented
cells. No other components, such as a reticulated reflecting layer or lens cells, are observed.
The photocyte diameter is, on average, 36.45 £ 1.05 um (N = 44 observed photocytes,
Supplementary File S1), and this unique luminous cell is regionalized and displays differ-
ent structural components: a basal granular area filled with granular inclusions that are
irregularly shaped, dense to electrons, and spread in a white appearing lumen (no electron
absorbance), and an apical vesicular area including the ovoid nucleus and a dense mesh of
vesicles (Figure 1D). In the granular area of untreated photophore, the following values
were measured: mean coverage of 11 & 3%, granular inclusion density of 2.79 4+ 0.63 /um?,
surface of 0.03 + 0.007 um? (N = 6 observed photophores). No membrane separates this
area from the remaining cell component though it forms a distinct cytoplasmic area. Within
the granular area lays a large round-shaped secretion, highly dense to electrons and colored
via the methylene/toluidine staining on ultrathin and semithin sections (Figure 1C,D).
The vesicular area contains numerous vesicles of varying shapes as well as grey particles
(observed by TEM). The rest of the cytoplasm is continuous with the vesicular zone and
completely encircles the granular zone up to the base of the photocyte (Figure 1C-G). The
vesicular zone thus delimits the end of the photocyte, and the photocyte membrane can be
observed (Figure 1H). Finally, the ovoid nucleus is included within the vesicular zone. The
surrounding layer of the photophore is composed of multiple melanophore-like cells that
are filled with pigment granules that are electron-dense (Figure 1C,D). These granules are
similar in structure to melanin granules.



Fishes 2023, 8, 87 50f13

Figure 1. Ultrastructure of Dalatias licha photophores. (A) Lateral view of D. licha; (B) Upper view of
the ventral skin presenting dermal denticles and photophores (arrowhead); (C) Semithin cross-section
of D. licha photophores; (D) Ultrathin cross-section of D. licha photophore with specific highlighted
areas (E-I); (E) Close-up on the vesicular area; (F) Close-up on the nucleus of melanophore-like
cells constituting the pigmented sheath; (G) Close-up on the granular area; (H) Close-up on the
cellular membrane (arrowhead) delimiting the photocyte; (I) Close-up on a blood vessel just aside the
photophore. AS, acidic secretion; BV, blood vessel; DD, dermal denticle; E, epidermis; GA, granular
area; N, nucleus; Nu, nucleolus; PH, photocyte; PS, pigmented sheath; V, vesicle; VA, vesicular area.
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Blood capillaries can be observed under the base of the photophore (Figure 1I). In par-
allel, the autofluorescence of the photocyte was observed (excitation wavelength: 495 nm,
Supplementary Figure S1) mainly around (i.e., within the granular region) and within the
acidophilic secretion. Due to the limited number of individuals used in this study, the
potential relationship between photophore size and individual size was not investigated.

3.2. Cytological Changes upon Hormonal Treatments

Hormonal treatment with both melatonin (MT) or a-melanocyte-stimulating hormone
(-MSH) showed cytological structural modification within photophores at the level of the
pigmented layer, as well as in the granular and vesicular areas. Melatonin-treated pho-
tophores present an open-pigmented layer at the photophore apical region (Figure 2). This
photophore opening results from the retraction of pigmented granules. These melanophore-
like cells act, therefore, as an iris-like structure (ILS). Melatonin-treated tissues present a
denser granular area with an increased number of granular inclusions than that observed
in control tissues without hormonal treatments. Finally, the vesicular area appears denser
to electrons than for control photophores (Figure 2). Treatment with «-MSH results in the
dispersion of the ILS-pigmented granules across the melanophore-like projections, with the
pigment layer returning to its initial closed spherical shape found in control photophores
(Figure 2). At the level of the granular zone, «-MSH-treated tissues show granular inclu-
sions that are more aggregated with each other than control tissues but less dense than
what is observed for melatonin-treated tissues. At the level of the vesicular zone, it appears
denser than the control photophores but seems to be less dense than what is observed
for the melatonin-stimulated photophores. The morphology of the photophore under
the inhibitory effect of x-MSH appears to be in a transitional state between a melatonin-
stimulated photophore and a control photophore, gradually returning to its initial state
without luminescence production. Differences are observed at the level of the vesicles:
some photophores under «-MSH treatment show vesicles containing material that could
correspond to granular inclusions while other photophores show empty vesicles (Figure 2).

The mean coverage, density of granular inclusions per um?, and surface area of
granular inclusions within the granular area were measured for both hormone treatments
applied (MT and «-MSH; Figure 3; Supplementary File S2). Under MT treatment, the
granular inclusions show significantly higher granular area coverage than after an «-MSH
treatment. Even if the density of granular inclusions with MT treatment presents a lower
mean value than for x-MSH treatment, this difference is not significant. Finally, the average
surface area of the inclusions under MT is significantly larger, which is consistent with a
lower density, as the inclusions potentially aggregate with each other.
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Figure 2. Dalatias licha photophore cytological changes occurring during melatonin (MT) and
a-melanocyte stimulating hormone treatments (x-MSH). (A) Semithin section across melatonin-
stimulated photophores; (B) Ultrathin section across melatonin-stimulated photophore with specific
highlighted areas; (C,D) Close-up view of the granular and vesicular areas under melatonin treatment;
(E) Semithin section across x-MSH-treated photophores; (F) Ultrathin section across x-MSH-treated
photophore with specific highlighted areas; (G,H) Close-up view of the granular and vesicular areas
under x-MSH treatment. AS, acidic secretion; C, connective tissue; E, epidermis; GA, granular area;
ILS, iris-like structure; PH, photocyte; PS, pigmented sheath; VA, vesicular area.
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Figure 3. Morphometric data of granular inclusions within the granular area according to hormonal
treatments. Measured granular inclusion parameters are (A) the coverage, (B) the density, and (C) the
surface. Legend: nb—number of granular inclusions. Error bars represent the standard error (SE);
*p <0.05,* p <0.01, ** p < 0.001, NS not significant.

4. Discussion

Variations in structural components of photogenic cells or organs have already been ob-
served for several organisms under different stimuli. The nervously controlled photophores
of the midshipman fish, Porichthys, show variation of the photocyte cytoplasmic vesicle
numbers upon noradrenergic stimulation [39]. The ophiuroidea, Amphipholis squamata,
presents successive variations within photocytes during cholinergic stimulation, highlight-
ing the presence of six different types of membrane-bound vesicles. One of these vesicle
types was assumed to be the site of light production (i.e., microsource) for this species [40].
Recently, photophores of the counterilluminating deep-sea shrimp, Janicella spinicauda,
were demonstrated to be light sensitive and that cytological changes occurred during light
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emission/perception. The shrimp photophores present an increase in the number and size
of Golgi bodies in response to light [16]. All these studies, through ultrastructural analyses,
allow us to better comprehend cytological and physiological processes involved during
bioluminescence events.

Photophore morphology differs among the three known shark families able to produce
light. Classical histology has revealed that Somniosidae and Dalatiidae photophores are
composed of a unique photocyte, surrounded by a pigmented sheath, and surmounted by
lens cells [21,31]. The Etmopterid photophores display more complex photophores with
multiple photocytes (6 to 13) enclosed in a cup-shaped multi-cellular pigmented sheath,
surmounted by an ILS and one or several lens cells [21]. The ultrastructure description
of Etmopterus spinax photophores allowed the discovery of an undescribed structure, the
reticular layer, located between the photocytes and the pigmented sheath, probably com-
posed of guanine crystals and hence acting as a reflector [11] (Figure 4). The photocyte
intracellular organization appears regionalized in three areas: (i) an apical granular area,
(ii) a medial vesicular area, and (iii) a basal area containing the nucleus. The granular area
is filled with small granular inclusions which are assumed to be the microsources, i.e.,
the sites containing the chemical compounds required for photogenesis [29,41,42]. These
granular inclusions have been named glowons, regarding the long-lasting glow displayed
by shark photophores. Cytological changes during light emission have been analyzed in
these structures, becoming denser and more aggregated. The ILS also shows cytological
changes during light emission, the pigmented granules being retracted causing the ILS to
open and allow the increase in the luminescence intensity [29].

A. Etmopterus spinax B. Dalatias licha

cT?

Figure 4. Three-dimensional modelling of the cross-section in (A) Etmopterus spinax and (B) Dalatias
licha photophores based on ultrathin and semithin cross-sections. AS, acidic secretion; CT, cellular
type; CTI, CT type I, CTII, CT type II; CT?, putative CT type cells; GA, granular area; ILS, iris-like
structure cells; L, lens; PH, photocyte; PS, pigmented sheath; RL, reflective layer; VA, vesicular area.

The present TEM analysis of D. licha photophore morphology shows they are com-
posed of an iris-like structure (ILS) associated with a spherical pigmented sheath encom-
passing one unique regionalized photocyte (Figure 4). The basal zone of the photocyte
contains a granular area filled with a large acidophilic secretion and granular inclusions.
The latter appears to be similar to the glowon-type microsources identified in E. spinax,
and thus these granular inclusions would be the intracellular site of the biochemical bi-
oluminescence reaction [11]. The dense-to-electrons acidophilic secretion located within
the bioluminescence reaction site and surrounded by glowons could play a role in pho-
togenesis. This secretion could correspond to the acidophilic secretion described for the
Euprotomicrus bispinatus (Dalatiidae) photophore [30]. The apical zone contains a centrally
positioned nucleus at the apex and numerous vesicles of varying shapes, giving it the
name of the vesicular area. The vesicular and granular areas appear distinct but do not
appear delimited by a membrane. Contrary to previous studies on the Dalatiidae and
Etmopteridae [11,21,26,31-34], the ultrastructure analysis reveals no lens cells at the top of
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the photophore of D. licha. Furthermore, no reticular layer was identified, contrary to the
E. spinax photophore (Figure 4).

Interestingly, photocyte green autofluorescence is observed with a gradient of fluores-
cence (i.e., high autofluorescent signal in the basal region of the photocyte) in E. spinax [43]
and a more central fluorescence in D. licha. In D. licha, the acidophilic secretion also exhibits
a strong autofluorescence, raising questions about the potential physiological role of this
cellular structure. It could indeed be hypothesized that the acidophilic secretion constitutes
a particular storage site of luminous compounds (i.e., substrates or enzymes). Nevertheless,
a completely different role cannot be excluded (e.g., pH cell regulation or hydrophobic
molecule storage).

Morphological changes occurring in D. licha photophores have been analyzed at the
ultrastructural level through melatonin-induced and «-MSH-inhibited luminescence. Phar-
macological investigations of D. licha bioluminescence control highlight that melatonin
produces a long-lasting production of light, while x-MSH drastically inhibits this light
production [26]. The ultrastructural analysis showed that these hormonal treatments cause
changes within the granular and vesicular areas of the photocyte as well as in the distribu-
tion of the ILS-pigmented granules (Figure 2) as depicted for lanternshark photophores. A
melatonin-induced luminescence shows an increase in granular inclusion coverage and
diameter, thus filling almost entirely the granular area, while x-MSH-inhibited lumines-
cence shows a decrease in these two parameters. E. spinax hormone-induced luminescence
shows the same type of effect; melatonin induces an increase in the granular inclusion
diameter [29]. Within the vesicular area, D. licha photophores under melatonin and x-MSH
stimulations show cellular activity with, respectively, the presence of empty and filled
vesicles, which could illustrate the potential transport of components necessary for photo-
genesis as it is supposed for E. spinax [29] or other species like the cephalopod Histiotheuthis
bonnellii [44]. During light emission, the D. licha ILS shows the same pigmented granules
retraction event as E. spinax [29], causing the opening of the photophore at the ILS level
(Figure 2). During light inhibition, the ILS-pigmented granules disperse back along the ILS
pseudopodia-like projections, closing the top of the photophore and regaining a spherical
shape. The movement of the ILS is a key mechanism for controlling the intensity of emitted
light and had previously been shown in several species of luminous sharks: S. aliae [25],
E. splendidus [45], E. molleri [46], E. lucifer, and E. granulosus [26].

5. Conclusions

This study improves our understanding of the light-emission process of the deep-
sea dalatiids thanks to an ultrastructural description of the D. licha photophore. We also
investigated the ultrastructural changes occurring within the photophore and its associated
structures during hormone-induced light emission.

By comparing the ultrastructure of D. licha and E. spinax, we found that the photophore
of Dalatiidae exhibits structurally simpler photophores than those of the Etmopteridae
family, but still comprises common features and similar cellular targets during hormonal
control of luminescence. This suggests that these shark families share a common ances-
tor with luminescent sharks, and that bioluminescence has not evolved independently
in these families as previously thought [47,48]. The simpler organization of the Dalati-
idae photophore suggests that the common ancestor of luminous sharks certainly had a
similar organization.

Our results also support previous findings that granular inclusions within the pho-
tophores would constitute the microsources (the so-called “glowons” in E. spinax) re-
sponsible for light emission in luminous dalatiids. Additionally, our findings underline
the evolutionary conservation of the structure responsible for light production in sharks.
Further research is needed to uncover the chemical nature of the shark’s luminous system.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ fishes8020087 /s1, Supplementary File S1: Morphological mea-
sures of (A) photophore diameter (um), (B) photocyte diameter (um), and (C) pigmented zone area
(um?2) performed on semi-thin sections of Dalatias licha photophores (N = 44 observed photophores).
Supplementary File S2: Morphological data and statistics performed on the granular inclusions
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different treatments: control, melatonin (MT), and a-melanocyte stimulating hormone (x-MSH). Data
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density (um~2), and (C) the granular inclusion surface ( um?2), ** represents statistical differences
(ns, non-significant, * p < 0.05, ** p < 0.01, ** p < 0.001). Supplementary Figure S1: Autofluores-
cence visualization of Dalatias licha photophore. Cross-section in a ventral skin photophore (left)
and 495 nm excitation wavelength epifluorescence visualization of the same photophore under-
lying the green autofluorescence around and within the acidophilic vesicle of D. licha photocyte
(right). Scale bars = 60 um. AS, acidophilic secretion; C, connective tissue; E, epidermis; ILS, iris-like
structure cells; PS, pigmented sheath.
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