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Lanternfishes are one of the most abundant groups of mesopelagic fishes in the world’s oceans and play a critical role
in biomass vertical turnover. Despite their importance, very
little is known about their physiology or how they use their
sensory systems to survive in the extreme conditions of
the deep sea. In this study, we provide a comprehensive
description of the general morphology of the myctophid
eye, based on analysis of 53 different species, to understand better their visual capabilities. Results confirm that
myctophids possess several visual adaptations for dimlight conditions, including enlarged eyes, an aphakic gap, a
tapetum lucidum, and a pure rod retina with high densities
of long photoreceptors. Two novel retinal specializations
were also discovered. The first specialization is a fundal
pigmentation in adult eyes, found within an isolated retinal

region (typically central retina) composed of modified pigment epithelial cells, which we hypothesize to be the remnant of a more pronounced visual specialization important
in larval stages. The second specialization is an aggregation
of extracellular microtubular-like structures found within
the sclerad region of the inner nuclear layer of the retina.
We hypothesize that the marked interspecific differences
in the hypertrophy of these microtubular-like structures
may be related to inherent differences in visual function. A
general interspecific variability in other parts of the eye is
also revealed and examined in this study. The contribution
of both ecology and phylogeny to the evolution of ocular
specializations and vision in dim light are discussed.
J. Comp. Neurol. 522:1618–1640, 2014.
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The lanternfishes belong to the Myctophidae, a
monophyletic family of deep-sea teleost fishes belonging to the order Myctophiformes (Paxton, 1972;
Stiassny, 1996). The family is divided into two subfamilies, the Myctophinae and Lampanyctinae, seven tribes,
and 33 genera and is represented by about 250 species (Hulley and Paxton, 2013). All species are luminous
and possess ventral and ventrolateral photophores
(except for Taaningichthys paurolychnus) arranged in
species-specific patterns and often possess additional
luminous organs and tissue over the head and body
(Paxton, 1972). Myctophids are one of the most abundant groups of mesopelagic fishes in the oceans and
play a major role in the marine ecosystem by transferring energy to the deeper layers of the ocean through
their vertical migration behaviors (Moku et al., 2000;
Cherel et al., 2010). Despite their critical role, very little
is known about their physiology or how they use their
sensory systems to survive in the extreme conditions of
the mesopelagic zone of the deep sea (200–1,000 m).
C 2013 Wiley Periodicals, Inc.
V
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More precisely, information about their visual system
and how their eyes have adapted to see in dim light and
for viewing bioluminescent emissions are very sparse. To
date, the most comprehensive studies on lanternfish
vision are from Bozzano et al. (2007) and Turner et al.
(2009), who focus mainly on the photoreceptors and the
spectral sensitivity of their visual pigments. Bozzano et al.
(2007) studied several larval stages in three different lanternfish species and found a predominance of rods with
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increases in outer segment length during development
but, surprisingly, also cones, although cone numbers
steadily decreased, being lost in all postlarval stages
(Bozzano et al., 2007). Turner at al. (2009) studied the
spectral sensitivity of the rod visual pigment in 58 different species of myctophids using visual pigment extract
spectrophotometry. Most of the Myctophidae were single
pigment species with only four species (Cerastocopelus
warmingii, Hygophum proximum, Myctophum aurolaternatum, M. nitidulum), belonging to both subfamilies, possessing two visual pigments. The wavelength of maximum
absorption (kmax) of these pigments falls between 480
and 492 nm (Partridge et al., 1992; Douglas and Partridge, 1997; Douglas et al., 1998; Hasegawa et al.,
2008; Turner et al., 2009), which is well-adapted to visualization of blue-green bioluminescent light, the light most
commonly emitted by deep-sea organisms.
Some older studies on myctophids have investigated
retinal structure and the sampling of the visual environment. However, these data have been compiled from very
few species, which all reveal that lanternfishes, like many
other mesopelagic fishes (Marshall, 1954; Munk, 1966;
Arnott et al., 1970; Munk and Frederiksen, 1974; Locket,
1977; Somiya, 1980, 1982; Wagner et al., 1998), appear
to have evolved eyes designed to enhance sensitivity with
the presence of an aphakic gap (Tarletonbeania crenularis,
Lawry, 1974), a pure rod retina (Lampanyctus crocodilus,
Vilter, 1951; Lampanyctodes sp., Pankhurst, 1987; Stenobrachius leucopsarus, O’Day and Fernandez, 1976), a
tapetum lucidum (Stenobrachius leucopsarus, O’Day and
Fernandez, 1976), high photoreceptor densities (Lampanyctus crocodilus, Vilter, 1951; Lampanyctodes sp., Pankhurst, 1987; Stenobrachius leucopsarus, O’Day and
Fernandez, 1976), and a rather unspecialized retina with
poor acuity (Lampanyctus macdonaldi, Myctophum punctatum, Collin and Partridge, 1996; Wagner et al., 1998).
In this study, we provide a comprehensive description
of the general morphology of the myctophid eye, based
on analysis of several different species, to understand
their visual capabilities better. One of the characteristics
of the Myctophidae is their great interspecific variability
in ecology and behavior (depth distribution, Karnella,
1987; migration pattern, Watanabe et al., 1999; luminous organs, Edwards and Herring, 1977), so a diverse
range of ocular specializations may also be expected.

MATERIALS AND METHODS
Collection of species and preservation
of ocular tissue
The eyes of 53 different species from 18 genera
were analyzed in this study. Samples were obtained
from several research cruises in the Coral Sea (RV

Cape Ferguson) under the following collection permits:
Coral Sea waters (CSCZ-SR-20091001-01), Commonwealth waters (AU-COM2009051), GBRMPA (G09/
32237.1) and Queensland Fisheries (133805; Marshall,
AEC No. SNG/080/09/ARC), and in the Peru-Chile
trench (FS Sonne, sampling permits obtained by the
Chief Scientist, University of T€ubingen). For all specimens, sampling was carried out following the guidelines
of the NH&MRC Australian Code of Practice, under a
University of Western Australia Animal Ethics protocol
(RA/3/100/917). Additional specimens from Western
Australian waters, the western Mediterranean Sea, and
the Bay of Biscay were acquired through collaborators
(de Busserolles et al., 2013). Only large juveniles and
adults were analyzed in this study. Most of the samples
are registered as voucher specimens at the Australian
Museum in Sydney, Australia, but further taxonomic
analyses have to be carried out for five of our study
species to confirm identification positively (Lampanyctus
vadulus, Myctophum spinosum, Nannobrachium cf. nigrum, Symbolophorus cf. boops, Triphoturus oculeus, de
Busserolles et al., 2013).
Two species were photographed with a digital camera and/or a stereomicroscope to show the position
and relative size of the eyes in the head, the extent of
the binocular overlap, and the location of both photophores and luminous organs. Observations, dissection,
and morphometric analyses were performed aboard
ship and on fresh specimens, whenever possible. For
each individual, the standard length and rostrocaudal
eye diameter were measured with digital callipers (to a
precision of 0.1 mm) prior to dissection and fixation.
The position of the aphakic gap, when present, was
noted (and ascribed to falling within the dorsal, nasal,
ventral, or temporal quadrants of the eye) and photographed using an Olympus stereomicroscope SZX10
mounted with a Canon digital camera. Once the eyes
had been enucleated, the cornea and lens were dissected free of the eyecup, and the color, extent, and
integrity of the tapetum lucidum were assessed before
photographing the fundus with the Olympus stereomicroscope SZX10 and Canon digital camera. The appearance of the tapetum can change dramatically
depending on the light conditions and freshness of the
specimen. As a consequence, only the presence/
absence of the tapetum (defined as a colored and often
silvered reflex emanating from the fundus) for each species was noted, although we also have identified species in which the tapetum covered the whole retina.
Eyes, lens, and cornea were then fixed in 4% paraformaldehyde in 0.1 M phosphate buffer (PFA; pH 7.4) or
Karnovsky’s fixative (2% paraformaldehyde, 2.5 glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4) for at least
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1 hour and then stored in 0.1 M phosphate buffer.
When we encountered small specimens (with small
eyes), the entire body was immersion fixed onboard,
and the dissections were performed within the neuroecology laboratory at The University of Western Australia.
When specimens were acquired from collaborators,
observations, measurements, and dissections were all
performed on previously fixed tissues, which were preserved in 5% buffered formalin or Karnovsky’s fixative.

Preparation of eyecup and retinal
wholemounts
The eyes of several species (fixed in either 4% PFA or
Karnovsky’s fixative) were dissected further for analyses
of the topographic arrangement of novel specializations,
the orientation of the tapetum lucidum, comparisons of
retinal thickness, and ultrastructural analysis (see
below). For whole mounts, radial cuts were performed
in order to flatten the eyecup. The orientation of the
eye was kept by making a small additional cut in the
nasal or dorsonasal part of the eye. Retinal whole
mounts were made according to standard protocols
(Stone, 1981; Coimbra et al., 2006; Ullmann et al.,
2011). However, the retinal pigment epithelium (RPE)
was left intact and remained attached to the back of
the retina in order to observe the size and appearance
of peculiar pigmentation (defined here as “fundal
pigmentation”) situated in the center of the retina.
Moreover, both the RPE and the underlying tapetum
lucidum were left intact for the whole mounts of the
eyecup to allow assessment of the coverage of the
tapetal reflex. A simplified and hypothetical schematic
of a lanternfish eye was created, based on the teleost
eye schematic by Walls (1942), and used to approximate the size of the visual field affected by the fundal
pigmentation in relation to the size of the fish.

Light and electron microscopy
Samples fixed in Karnovsky’s fixative (2% paraformaldehyde, 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4) were preferentially used to prepare
tissue samples for examination by light and electron
microscopy. However, when no Karnovsky’s-fixed samples were available, tissues fixed in 4% paraformaldehyde in 0.1 M phosphate buffer or in 5% buffered
formalin were also used. One eye per species was analyzed and characterized using both light and transmission electron microscopy. Depending of the size of the
specimens, either the whole eye or a part of the eye
(half or quadrant) was processed for histology. After
resin embedding, semithin (1 lm) and ultrathin (110
nm) sections were cut with a LKB Bromma Ultratome
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NOVA. Semithin sections were stained with an aqueous
mixture of 0.5% toluidine blue and 0.5% borax, examined with an Olympus BX50 compound light microscope, and photographed with an Olympus DP70 digital
camera. Ultrathin sections were stained with Reynold’s
lead citrate and examined at the UWA Centre for
Microscopy, Characterization and Analysis (CMCA) with
a JEOL 2100 transmission electron microscope operated at 120 kV and photographed with an 11-megapixel
Gatan Orius digital camera. All measurements were
made on pictures in ImageJ 1.45 (National Institutes of
Health). To allow comparison between species, all
measurements were taken in the central part of the retina. Eight measurements were taken for each eye component from a single section; the average measure is
reported here.
All colored (nonhistological) photographs presented
here show the colors present in either fresh (Figs. 1, 3,
11) or fixed (Figs. 9, 10, 12, 13) material, when only
slight adjustments to brightness and contrast were performed (in Photoshop CS4). However, slight changes in
hue might have occurred postmortem or after exposure
to the low concentrations of fixative used.

Phylogenetic comparison of visual
characteristics
To assess the influence of phylogeny on the occurrence and relative development of some of the ocular
and retinal specializations observed in lanternfishes, we
mapped each trait (fundal pigmentation, microtubularlike structure, tapetum lucidum, and aphakic gap) onto
an existing phylogenetic tree (Paxton et al., 1984)
including all of the species examined here. Paxton et al.
(1984) have published a phylogeny classifying genera
using derived character states of adult osteology and
photophore patterns (Paxton et al., 1984) and of larvae
as described by Moser and Ahlstrom (1970, 1972,
1974), and this is currently the most up to date morphological phylogeny. The only difference between Paxton et al.’s originally described phylogeny and the one
used in the present study is the inclusion of the genus
Nannobrachium, which was added to Paxton et al.’s
phylogeny after Zahuranec (2000). For each visual trait,
the presence or absence of the character was noted
for every species on the tree. For the aphakic gap trait,
the presence/absence of the aperture was noted for
each eye quadrant (dorsal, nasal, ventral, temporal)
separately to provide additional information about interspecific differences in the location of the aphakic gap.
Additional information about the microtubular-like structure (MLS) and the tapetum lucidum was also provided
by indicating the degree of development of the MLS
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Figure 1. Position of the eyes in Myctophum spinosum (A) and Diaphus danae (B–D). A: Lateral view. B: Dorsal view. C: Ventral view.
D: Frontal view. Scale bars 5 10 mm in A; 0.5 mm in B–D. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

(abundance) and by highlighting the species that posssess a tapetum lucidum covering the whole retina.

RESULTS
General morphology of the eye and retina
All lanternfish species examined in this study possessed laterally oriented eyes. The extent of the visual
field of view was not investigated in detail, but basic
observations indicated a large monocular visual field and
binocular overlap frontally, dorsally, and ventrally (Fig. 1).
Lanternfishes possess a classic, camera-type eye
(Fig. 2). The eye is hemispherical in all species, but
there is great interspecific variation in pupil size and
shape and irideal pigmentation (Fig. 3), in which the
aphakic gap (or region of the pupil that is not occupied
by the spherical lens) accounts for the greatest variation in size of the pupillary aperture (Fig. 3). Although
we cannot be absolutely certain whether the position of
the lens changed in moribund and previously fixed species compared with their live counterparts, the presence of an aphakic gap is unmistakable in most
species because of the shape of the iris and the size of
the lens. Some species do not possess an aphakic gap
(Diaphus danae; Fig. 3A), whereas others have an
aphakic gap in a specific part of the eye (ventral in
Hygophum proximum; Fig. 3F) or a circumlental gap that
extends all the way around the lens (Lampanyctus parvicauda; Fig. 3K). Pigmentation also varies across the iris,
which can be entirely silver (Myctophum nitidulum; Fig.
3C), completely dark (Nannobrachium cf. nigrum; Fig.

3D), of a specific color (e.g., blue in Nannobrachium
idostigma; Fig. 3I), or a combination of colors and dark
pigmentation (Nannobrachium phyllisae; Fig. 3L).
The myctophid eye possesses six extraocular
muscles, presenting the regular arrangement for vertebrates. The optic nerve is nonpleated, and its position
at the back of the eye is slightly temporal of center in
most species. All the species analyzed in this study
possess a single (primary), transparent cornea and a
colorless vitreous humor. The lens is also colorless
(observed in live specimens) and spherical, and there is
a positive relationship between lens size and eye size
(de Busserolles et al., 2013). Although often difficult to
assess (especially in species with small eyes), the lens
was supported by a ventrally located retractor lentis
muscle and a dorsal suspensory ligament. No attempt
was made to investigate accommodative lens movement in this study, which remains unknown for this
family of deep-sea teleosts. No falciform process was
observed in any of the species examined, where the
vascular supply is presumably achieved by the network
of vitreal vessels overlying the inner limiting membrane
(providing nutrition to the inner retina) and the dense
network of blood vessels comprising the pigmented
choriocapillaris (providing nutrition to the outer retina).
There does not appear to be a distinct choroidal gland.
The fixed retina is typically whitish in color, with the
exception of a small number of species, which possess
isolated patches of yellow pigmentation in different
parts of the retina. Retinal thickness appears to be relatively uniform, except for one species, Benthosema
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Figure 2. Transverse section through the eye of Ceratoscopelus
warmingii. C, cornea; L, lens; ON, optic nerve; R, retina; Sc,
sclera. Scale bar 5 1 mm. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

suborbitale, in which the retina was significantly thicker
in the temporoventral region (!180 lm) compared with
the rest of the retina (!95 lm; Fig. 4). Retinal thickness in the central part of the retina also shows significant interspecific variation (from about 65 lm to 220
lm; Table 1), but the retinal cell layers are typical of
other vertebrate retinas (Fig. 5).

Anatomy of the inner retina
The ganglion cell layer comprises a single layer of ganglion cell somata and a population of presumed amacrine
cell soma (smaller and more darkly staining; Bozzano
et al., 2007). The inner plexiform layer (IPL) is usually
quite thick (between 8.4 and 64.7 lm; Table 1) and is
composed of the synaptic contacts between the ganglion
cells and the cells within the inner nuclear layer (INL).
The INL is relatively thin compared with the other
layers (7.9 to 30.0 lm; Table 1) and contains four dif-
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ferent types of cells: bipolar cells (distinguished by their
small size, sclerad location, and darkly stained nucleus),
amacrine cells (identified by their larger size and more
vitread position), horizontal cells (identified by their
larger size, horizontal shape, and most sclerad location
within the inner nuclear layer), and M€uller cells (distinguished by their long descending processes extending
from the inner limiting membrane to the outer limiting
membrane; Collin et al., 1996). Horizontal cells are
arranged within a single layer and occur in variable densities across species, with some species having very
few horizontal cells.
The sclerad part of the INL is filled with microtubularlike structures (MLS; Fig. 6). The MLS are extracellular
and randomly arranged into bundles and are often in
contact with the membranes of inner nuclear cells (bipolar cells, horizontal cells, M€uller cell processes). Each
microtubule is between 26 and 28 nm in (outer) diameter, which is greater than the intertubule space. All the
species analyzed in this study appear to possess MLS,
but the density is highly variable (Fig. 7). Most of the
species possess bundles of MLS, arranged into a hexagonal array, which are visible only at high power via
transmission electron microscopy (TEM; Lampancytis
nobilis; Fig. 7C,F). Several species possess welldeveloped systems of MLS, which are not clearly visible
by light microscopy but are easily observed at the TEM
level (Diogenichthys laternatus; Fig. 7B). Finally, several
species possess a well-developed MLS system forming
bundles of several micrometers and are very easily seen
at the level of the light microscope (e.g., Myctophum
brachygnathum; Fig. 7A). When the MLS are welldeveloped (abundant), they seem to be predominantly
surrounding the horizontal cells, which, in these species,
appear to be more abundant.

Anatomy of the outer retina
Axonal connections between the INL cells and the
photoreceptor cells are evident within the outer plexiform layer (OPL; 2.1–12.6 lm; Table 1) of all myctophid
retinas examined. The outer nuclear layer (ONL) is relatively thick and, in central retina, varies in thickness
from 11.5 lm to 77.4 lm (Table 1) and is composed of
three to 12 rows of rod nuclei. In the species with the
highest photoreceptor densities (Myctophum brachygnathum), the retinal thickness in the region of highest
photoreceptor density (temporoventral retina) is up to
130 lm, consisting of about 18 layers of rod nuclei (F.
de Busserolles, J.L. Fitzpatrick, N.J. Marshall, and S.P.
Collin, unpublished data).
All the species of myctophids examined possessed a
pure rod retina arranged in a single bank. The rod photoreceptors are thin (0.94 lm to 2.74 lm in the central
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Figure 3. Variation of the aphakic gap within the lanternfish family from no aphakic gap (A) to circumlental aphakic gap (L): Diaphus danae
(A), Gonichthys tenuiculus (B), Myctophum nitidulum (C), Nannobrachium cf. nigrum (D), Diaphus brachycephalus (E), Hygophum proximum
(F), Diogenichthys laternatus (G), Triphoturus oculeus (H), Lampanyctus omostigma (I), Lampanyctus parvicauda (J), Nannobrachium idostigma (K), and Nannobrachium phyllisae (L). Note that the cloudiness of the lens seen in some of the panels is a postmortem condition
and that the lens of live animals is colorless. Arrows indicate the orientation of the eyes: T, temporal; V, ventral. Scale bars 5 1 mm.
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Figure 4. Light micrograph of a transverse section through the eyecup of two lanternfish species, showing differences of retinal thickness. Ventral part of the retina is thicker in Benthosema suborbital (A,C,D) in comparison to the uniform retinal thickness in Lampanyctus parvicauda
(B,E). Scale bars 5 0.5 mm in A,B; 50 lm C–E. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

retina), long, and cylindrical, varying in length between
33 lm and 96 lm in Lampanyctus crocodilus and Bolinichthys supralateralis, respectively. The outer segments, which account for between 13.4% and 57.2% of
the total retinal thickness (Table 1), are composed of a
stack of membranous discs (21–24 lm in thickness
with an interdisc space of between 12 lm and 14 lm
in Myctophum brachygnathum) enclosed in a cell membrane (Fig. 8). In transverse sections, several connecting cilia can be distinguished (Fig. 8), characterized by
a relatively long basal cilium (!1.9 lm in length), containing highly osmiophilic material.

Specializations of the RPE
The RPE layer is very thin and depleted of melanin in
most of the species examined. However, in several species, the central retina is pigmented but only within a
discrete retinal region surrounding the optic nerve
head, where isolated and discontinuous patches of bundles of melanosomes can easily be observed in retinal
whole mounts (Fig. 9). This fundal pigmentation is composed of modified pigment epithelial cells, which form
membrane-bound groups of melanosomes often appearing as a triangular wedge (up to 17 lm in width and up
to 26 lm in length in Diaphus splendidus) interleaved
between the densely arranged rod outer segments. The
density and spacing of the melanosome bundles vary
between species (Fig. 9), and their sizes decrease
toward their outer limit (Fig. 10). In a few species, the
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bundles of melanosomes almost form a continuum
within the RPE, but again the limits of the fundal pigmentation are finite (e.g., Lampanyctus alatus).
The size of the fundal pigmentation appears to be constant throughout life. For example, in Nannobrachium cf.
nigrum, the diameter of the pigment array appears constant (about 1.25 mm) in three adults with very different
standard lengths (44.26 mm, 57.97 mm, 85.49 mm; Fig.
11A,B), indicating that the relative size of the fundal pigmentation (with respect to the total retinal area)
decreases with standard length (and therefore age). This
means that, in small individuals, the fundal pigmentation
subtends a much greater proportion of the visual field
than in large individuals (Fig. 11B). In several species, the
fundal pigmentation and the tapetum lucidum were coincident (i.e., Lampanyctus parvicauda, Triphoturus oculeus).
In a single species (Diogenichthys atlanticus), the RPE
cells are modified to form a dense series of pigmented
wedges in an elliptically shaped patch in the retinal
periphery (Fig. 9). This peripheral pigmentation is found
in the nasal area of the retina in both males and females
and is composed of a thick layer of bundles of melanosomes (up to 20 lm in length and 14 lm in width).

Tapetum lucidum
Several species of lanternfishes possess a tapetum
lucidum, which appears to vary in color and pattern and
gives a specular reflexion (Fig. 12). The color of the
tapetum was recorded (digitally) but not investigated
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TABLE 1.
Summary of Retinal Measurements for 53 Species of Lanternfishes1

Species

SL
(mm)

Eye
diameter
(mm)

Lens
diameter
(mm)

Benthosema glaciale
B. suborbitale
Bolinichthys longipes
B. nikolayi
B. supralateralis
Ceratoscopelus maderensis
C. warmingii
Diaphus brachycephalus
D. danae
D. fulgens
D. gamani
D. holti
D. luetkeni
D. meadi
D. mollis
D. parri
D. phillipsi
D. regani
D. splendidus
D. termophilus
Diogenichthys atlanticus
D. laternatus
Electrona risso
Gonichthys tenuiculus
Hygophum benoiti
H. hygomii
H. proximum
L. urophaos
Lampanyctus alatus
L. crocodilus
L. iselinoides
L. nobilis
L. omostigma
L. parvicauda
L. pusillus
L. vadulus
L. gemellari
Loweina interrupta
Myctophum brachygnatum
M. nitidulum
M. spinosum
Nannobrachium cf. nigrum
N. idostigma
N. phyllisae
Notolychnus valdiviae
Notoscopelus elongatus
N. kroeyeri
Symbolophorus cf. boops
S. evermanni
S. rufinus
S. verany
Triphoturus nigrescens
T. oculeus

42.0
28.2
35.0
27.5
41.2
52.0
60.8
35.2
92.2
41.2
33.1
40.0
38.3
28.3
39.5
51.0
27.4
40.8
34.1
48.3
21.4
22.1
46.0
41.3
45.0
57.3
26.2
40.0
43.2
31.0
34.3
37.5
27.8
28.4
37.0
37.4
32.7
25.0
67.7
85.4
39.6
52.3
72.2
50.4
19.5
47.0
101.2
72.0
59.0
69.0
85.0
35.4
33.9

4.6
3.0
3.8
2.9
4.2
5.1
5.9
4.3
8.2
3.4
2.5
5.1
2.4
3.3
4.0
5.6
2.2
2.5
2.1
4.2
2.7
2.2
7.0
2.9
6.2
7.5
3.2
2.8
2.1
1.7
2.0
2.1
1.9
1.8
2.1
2.2
2.1
2.1
7.6
7.1
3.9
2.5
3.9
2.2
1.5
3.2
6.1
6.0
5.1
6.5
6.7
2.0
2.1

1.8
1.3
1.5
1.2
2.0
2.1
2.5
1.8
3.3
1.8
1.0
2.1
1.1
1.2
1.8
2.1
1.0
1.2
0.8
1.8
1.02
0.9
3.0
1.4
2.3
3.1
1.2
1.3
0.9
0.6
0.8
1.0
0.6
0.9
0.8
1.0
1.2
0.9
3.2
2.5
1.6
1.0
1.2
1.0
0.6
1.2
2.7
2.1
2.8
2.3
2.9
0.9
0.8

Stage

Retina
(lm)

IPL
(lm)

INL
(lm)

OPL
(lm)

ONL
(lm)

PRL
(lm)

OS
(%)

a
a
?
j
j
a
a
a
a
?
j
j
a
j
a
a
j
j
j
j
a
a
a
a
a
a
j
a
a
j
j
j
?
a
a
j
j
j
a
a
j
a
?
?
a
?
a
j
j
j
a
a
?

146.6
n.a.
151.6
152.7
181.1
n.a.
140.7
166.2
187.1
161.4
203.6
n.a.
153.1
179.2
n.a.
181.7
153.2
154.1
167.2
159.3
104.3
139.5
n.a
200.0
112.3
115.2
166.4
162.2
118.4
64.8
127.0
112.6
155.7
84.8
n.a.
158.2
n.a.
157.7
185.8
204.2
171.8
120.6
n.a.
106.0
143.8
176.1
188.2
218.9
155.4
193.7
n.a.
160.6
94.2

40.01
n.a.
33.6
37.5
26.5
n.a.
29.3
46.1
52.5
34.0
45.4
40.0
30.9
38.4
48.3
47.0
45.4
25.4
32.0
39.0
19.9
29.6
n.a
27.0
20.9
21.6
48.5
32.6
26.4
8.4
22.2
25.9
33.3
20.0
n.a.
29.4
32.6
30.6
36.7
48.4
38.2
25.1
n.a.
24.5
22.4
64.7
58.7
61.7
50.6
31.6
n.a.
40.9
22.4

15.6
n.a.
13.2
15.5
16.8
n.a.
11.5
15.2
22.5
14.4
21.8
n.a.
19.6
23.1
19.8
16.5
17.5
16.7
15.3
19.3
12.1
13.1
n.a
18.8
12.2
14.2
16.8
15.5
9.5
7.9
13.6
11.8
23.3
10.7
n.a.
20.1
n.a.
30.0
23.5
26.4
16.6
11.2
n.a.
8.0
12.3
22.6
21.0
29.6
20.3
24.16
n.a.
16.2
10.10

5.9
n.a.
4.8
4.9
3.2
n.a.
4.8
8.8
9.9
8.9
8.6
9.7
7.1
6.5
11.7
12.6
5.2
5.6
6.4
7.2
3.2
4.9
n.a
10.8
3.5
2.1
3.4
6.4
4.4
2.1
3.1
2.7
5.0
2.3
n.a.
6.3
7.7
2.8
11.7
10.9
7.6
3.8
n.a.
3.0
5.0
3.5
n.a
7.9
3.9
7.1
n.a.
4.9
2.7

30.0
n.a.
27.9
18.9
33.0
n.a.
29.8
20.4
41.4
43.2
53.8
33.5
30.2
46.2
n.a.
38.5
36.1
31.8
34.8
30.2
28.3
36.9
n.a
77.4
17.4
16.2
24.1
42.2
16.3
12.4
15.3
15.0
33.9
16.2
n.a.
28.5
38.0
23.7
46.8
47.5
45.5
15.8
n.a.
11.5
32.4
30.8
n.a
41.1
32.2
67.6
n.a.
23.9
13.2

50.0
n.a.
68.0
92.9
96.3
40.8
61.1
67.0
51.4
54.7
65.7
58.4
60.6
46.4
58.3
60.5
41.7
67.4
69.2
53.7
38.4
47.8
37.2
62.0
56.3
54.2
55.1
55.6
56.7
33.3
64.6
50.3
55.4
42.0
67.3
66.8
57.2
58.2
60.2
65.6
54.1
57.1
51.0
57.7
62.7
37.9
51.4
66.0
51.8
51.7
54.8
61.6
48.1

27.0
n.a.
38.7
57.2
49.2
n.a.
34.9
30.2
32.3
26.5
24.6
n.a.
35.0
20.2
n.a.
25.0
18.1
36.3
36.2
25.4
30.2
27.3
n.a
20.0
40.1
38.8
26.9
26.2
43.6
45.7
46.8
41.1
30.8
42.9
n.a.
37.0
n.a.
26.5
24.5
22.0
22.7
43.7
n.a.
49.4
38.8
13.4
19.4
22.2
24.2
20.1
n.a.
31.7
45.1

1

The standard length (SL), eye diameter), lens diameter, and life stage (adult: a, juvenile: j) of each specimen is also given. All measurements were
made in the central part of the retina from a single section, and the values represent the average of eight measurements. IPL, inner plexiform layer;
INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; PRL, photoreceptor layer; OS, proportion of the retina occupied by
the outer segments of the photoreceptors; n.a., values not available due to the poor condition of the sample.
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Bolinichthys longipes; Fig. 13B) or is completely absent
(Nannobrachium cf. nigrum; Fig. 13C). Sexual dimorphism
in the coverage and color of the tapetum occurs in Diaphus danae, with females having a greenish tapetum covering the entire retina and males having a bluish
tapetum present only in the temporal part of the eye
(Fig. 12A,B). The tapetum lucidum is situated in the vitread part of the choroid, adjacent to Bruch’s membrane
(Fig. 14B–D), and is classified as a choroidal tapetum.
This choroidal tapetum is composed of several horizontal
plates (Fig. 14A) filled with a highly osmiophilic component, arranged perpendicularly to the photoreceptor
outer segments and tiled into layers in a concentric pattern around the optic nerve head (Fig. 14).

Interspecific variability within a phylogenetic
context

Figure 5. Light microscopic picture of a transversal section
through the retina of Diogenicthys laternatus. OS, outer segment;
IS, inner segment; ONL, outer nuclear layer; OPL, outer plexiform
layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bar 5 20 lm. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

further because of the major changes in colors depending on the freshness of the sample and consequent
effects of fixation. However, there appears to be a
great interspecific and intraretinal variation in the color
of the tapetal reflex even in live specimens sacrificed
and preserved immediately (see the range of colors in
Fig. 12). Under all conditions, the tapetal colors were
restricted to variations of blue, green, white, and silver.
Interestingly, the orange/yellow retinal colors shown in
Figure 12 are not produced by the tapetum lucidum but
are isolated patches of retinal pigment that remain
even when the tapetal tissue has been surgically
removed (F. de Busserolles, N.S. Hart, W.I.L. Davies,
N.J. Marshall, and S.P. Collin, unpublished data).
In some species, the tapetum extends across the
entire retina (Lampanyctus parvicauda; Fig. 13A), but
other species possess a tapetum that is restricted to
only a specific retinal region (i.e., dorsotemporal retina in
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As revealed above, there is a marked interspecific
variability in the range of ocular specializations within
the large number of lanternfishes examined, many of
which have not been previously described. We consider
it important to assess the influence of phylogeny on the
occurrence and relative development of these specializations, especially given the paucity of information
regarding their behavior and life history traits. Therefore, we have mapped these traits onto an existing phylogenetic tree (according to Paxton et al., 1984) that
includes all of the species examined.
Depending on the specialization (fundal pigmentation,
MLS, tapetum lucidum, and aphakic gap), variations are
observed at different taxonomic levels (Fig. 15). For the
aphakic gap (with respect to both presence or absence
and location), a great variability is observed at all taxonomic levels, in which, at the level of subfamily, the Lampanyctinae reveal a greater diversity than the Myctophinae.
Most of the Myctophinae possess a ventral aphakic gap,
but the Lampanyctinae possess a greater diversity in gap
location, with all possible combinations observed in this
subfamily. Variation in aphakic gap morphology is even
observed within the same genus with the most extreme
variations seen within the genus Lampanyctus. Although
some Lampanyctus species have no aphakic gap (L. pusillus), others possess a gap just in one part of the eye
(nasal in L. festivus), with a few species possessing a circumlental aphakic gap (L. idostigma). With regard to the
fundal pigmentation (presence or absence) and the MLS
(relative development), variability is seen mainly at the
subfamily level. In fact, the fundal pigmentation was found
in 45 of the 53 species analyzed and was systematically
found in species from the subfamily Lampanyctinae. Only
a few species did not possess any fundal pigmentation,
and these were restricted to the Myctophinae subfamily.
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Figure 6. Light microscopic and transmission electron micrographs of the microtubular like structure (MLS) present in Myctophum nitidulum with increased magnification from A to F. PRL, p[hotoreceptor layer; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner
nuclear layer; GCL, ganglion cell layer; HC, horizontal cell. Arrowhead indicates the location of the MLS. Scale bars 5 200 lm in A; 50 lm
in B; 2 lm in C; 1 lm in D; 200 nm in E; 100 nm in F. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Similarly, even if all the species analyzed in this study
possessed MLS, only species from the subfamily Myctophinae presented hypertrophied MLS systems. Variation in
the tapetum lucidum pattern (presence/absence and total
retinal coverage) is also revealed at the level of the sub-

family level but also at the generic level. The Myctophinae
consistently possess a tapetum, which frequently covers
the entire retina. Within the Lampanyctinae, variation in
the presence or absence of the tapetum is observed
between and within genera (Fig. 15).
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Figure 7. Transmission electron microscopy of the microtubular-like structure (MLS) in three species of lanternfishes, showing the variation
in the degree of development of the MLS with higher power ultrastructural detail depicted in the panels at right. A,D: MLS very well developed, Myctophum brachygnatum. B,E: MLS developed, Diogenichthys laternatus. C,F: MLS present, Lampanyctus nobilis. The white boxes
in the left panels are magnified in the right panels. INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; HC, horizontal cell; starts indicate the presence of MLS. Scale bars 5 5 lm in A–C; 0.5 lm in D–F.

DISCUSSION
The large number of representative species examined
from the Myctophidae reveals that lanternfishes possess a typical vertebrate eye. The myctophid retina is
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relatively thin (<200 lm in the central part) compared
with what is usually found in shallow-water teleosts,
i.e., 200–300 lm (Wagner, 1990) and some species of
deep-sea teleosts with multiple banks of photoreceptors
(up to 900 lm; Munk, 1980). As predicted and
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Figure 8. Transmission electron micrographs of the rod photoreceptors in the lanternfish Myctophum brachygnathum. OS, rod outer segment; IS, rod inner segment; c, connecting cilium. Scale bars 5 0.5 lm in A,C; 100 lm in B; 200 lm in D.

described from previous studies, myctophids also possess what may be considered typical visual adaptations
for dim-light conditions (Vilter, 1951; Lawry, 1974;
O’Day and Fernandez, 1976; Locket, 1977; Pankhurst,
1987), to enhance the sensitivity of the eye, including
enlarged eyes (Marshall, 1954; de Busserolles et al.,
2013), an aphakic gap, a tapetum lucidum, and a pure
rod retina with a high density of long photoreceptors.
However, these adaptations have not been previously
examined systematically within any family of deep-sea
teleosts. Moreover, the high level of variability and the
fact that new ocular specializations (e.g., fundal pigmentation and microtubule-like structures) have been
discovered, suggests that there is a wealth of new
information to be gleaned on the influences of ecology
and phylogeny on the success of this abundant group,
which is obviously under intense selection pressure
with respect to the visual system.

Function of the aphakic gap
Most of the lanternfish species analyzed in this study
(46 of 53) possess an aphakic gap. Munk and Frederiksen (1974) described two types of aphakic gap in deepsea teleosts, crescent-shaped and circumlental, which

are thought functionally to enhance the relative retinal
illumination in one particular zone of the eye (crescentshaped gap) or over the entire eye (circumlental gap).
Rostrally located, crescent-shaped apertures are often
associated with a temporal area of high acuity (i.e.,
area centralis or fovea, Walls, 1942; Munk, 1966; Munk
and Frederiksen, 1974) and are thought to enhance visual sensitivity in this specific acute zone. However, this
gap will be beneficial only in the case of a visual stimulus located in front of the eye, where more of the frontal visual field will be viewed by the temporal retina
(potentially increasing the binocular overlap) and where
light falling on temporal retina will be refracted by the
lens, thereby providing a focussed image. Light entering
the eye through the gap from other visual axes will not
be focussed by the lens, providing only coarse resolution of any visual stimulus in a specific region of the
visual field. Crescent-shaped aphakic gaps are common
in lanternfishes (Figs. 3, 14), but these extensions of
the pupillary aperture are not restricted to the nasal
part of the iris, with some gaps located nasoventrally
(Diogenichthys laternatus), temporoventrally (Lampanyctus omostigma), or only ventrally (Myctophum), providing
an increase in the visual field along specific visual axes.

The Journal of Comparative Neurology | Research in Systems Neuroscience

1629

F. de Busserolles et al.

Figure 9. Different pigmentation patterns in lanternfishes. Top row: Bolinichthys longipes. Middle row: Lampanyctus alatus. Bottom row:
Diogenichthys atlanticus. Each column shows the pigmentation present in the three species with increased magnification from left to right.
Left column: Whole-mounted retina. Scale bar 5 0.5 mm. Middle column: Light micrograph of a transverse section of the retina. Scale
bar 5 25 lm. Right column: Transmission electron micrograph of a transverse section of the retina. Scale bar 5 5 lm. Black arrows indicate the position of the pigmentation. White arrows indicate the orientation of the whole-mount retinas. T, temporal; N, nasal; PRL, photoreceptor layer; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer; N, nucleus of retinal pigment epithelium cell.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

To test the relationship between the position of the
aphakic gap and the location of retinal regions for
acute vision (Munk, 1966; Munk and Frederiksen,
1974), a topographic analysis of the distribution of photoreceptors and/or ganglion cells in lanternfishes would
have to be performed. Although topographic maps of
ganglion cell distribution and calculations of spatial
resolving power have been made for selected deep-sea
species (Collin and Partridge, 1996; Wagner et al.,
1998), few myctophids have been examined, and
unfortunately the size and location of any aphakic gaps
was not noted. Because the diversity in the shape and
location of aphakic gaps is variable in myctophids and
without the associated topographic analyses, we
unfortunately cannot make any firm conclusions in
terms of the function of these crescent-shaped gaps.

1630

Circumlental aphakic gaps are also found among
myctophids (Nannobrachium phyllisae). Circumlental
apertures are thought to either increase the sensitivity
of the whole eye by increasing the amount of available
light entering the eye (large gap) or to facilitate the
detection of weak visual signals on the optical axis by
increasing the size of a centrally illuminated retinal area
(small gap; Munk and Frederiksen, 1974). However, a
circumlental gap could potentially be a disadvantage,
allowing unfocussed light from any direction to enter
the eye, thereby not providing any directional information about potential prey or predators and increasing
the signal to noise ratio. The distribution of light in the
mytophid habitat is, however, very different from that
for many animals in that the visual field horizontally and
downward likely is dominated by discrete flashes or

The Journal of Comparative Neurology | Research in Systems Neuroscience

The eyes of lanternfishes

point sources of bioluminescent light. The lack of an
extended field of complex shapes and intensities, as we
see, for instance, would reduce this overall noise. In
other words, the benefits of having an aphakic aperture
in such a light habitat outweigh the possible
disadvantages.

Tapetum lucidum

Figure 10. Macroscopic pictures with increased magnification
from A to C of the fundal pigmentation in Ceratoscopelus warmingii, showing the arrangement and spacing of the bundles of melanosomes, which are reduced in size toward the outer limit of the
pigmentation. Arrows indicate the orientation of the whole-mount
retina. T, temporal; V, ventral. Scale bars 5 0.5 mm in A,B; 50
lm in C. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

The presence of a tapetum lucidum is a common feature in the eyes of deep-sea fishes. It is thought to
increase the sensitivity of the eye by reflecting the light
incident on the retina back through the photoreceptors,
resulting in an increased chance of photon capture
(estimated to increase photon capture by 22% in lanternfishes; Temple, 2011). Among the 53 species analyzed in this study, 37 species possessed a tapetum
lucidum. As found in several other studies (O’Day and
Fernandez, 1976; Somiya, 1980; Nicol, 1989), the tapetum in lanternfishes is choroidal in contrast to the more
common tapetum located within the RPE (Nicol et al.,
1973; Nicol, 1989). Locket (1977) described the presence of an RPE tapetum in myctophids, giving the
example of Diaphus holti. However, after examining
freshly fixed specimens of D. holti, we found this tapetum to be also choroidal. Differentiation between the
two tapetal types could be difficult in suboptimally fixed
tissue, especially given the lack of pigment granules
within the RPE in myctophids (with the exception of the
fundal pigmentation). However, the clear presence of
Bruch’s membrane between the tapetum and the RPE
cells clearly indicates a choroidal tapetum (Fig. 14). The
chemical composition of the tapetum was not investigated in this study, but another study has identified the
tapetal stacks as containing guanine (Nicol, 1989).
It is not uncommon to find both a tapetum lucidum
and an aphakic gap in the eyes of deep-sea fishes. In
their study of Howella sp. (Teleostei), Best and Nicol
(1978) described the presence of a nasal aphakic gap,
which would allow more light coming from the frontal
visual field to be focussed on the temporal part of the
retina, where a tapetum lucidum was also present. In
this species, sensitivity is enhanced by the aphakic
gap, increasing the relative retinal illumination and by
the tapetum lucidum increasing the chance of photon
capture. In our study, a relationship between the location of the aphakic gap and tapetal coverage could also
be identified. Bolinichthys longipes, for example, possesses an aphakic gap located nasoventrally (Fig. 15),
which would increase both the amount of light and the
size of the visual field subtended by the dorsotemporal
part of the retina, where a tapetum is located (Fig.
13B). The presence of these two features in B. longipes
indicates that it is important for this species to survey
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Figure 11. Fundal pigmentation in Nannobrachium cf. nigrum for three different-sized individuals. I: SL 5 44.26 mm. II: SL 5 57.97 mm. III:
SL 5 85.49 mm. A: Whole-mount retinas showing the location and size of the fundal pigmentation. The dotted line in whole-mount retina III
represents the original location of the pigmentation, which was damaged during dissection. B: Schematic representation of the approximate
size of the visual field affected by the fundal pigmentation in relation to the size of the fish. The fundal pigmentation is represented in black
in the schematic. C: Schematic superposition of the three whole-mount retinas emphasizing the fact that the retina keeps growing as the
fish grows but not the fundal pigmentation. Arrows indicate the orientation of the whole mounts. N, nasal; V, ventral. Scale bars 5 1 mm.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

closely the area directly below and in front for bioluminescent signals.

Interspecific variation in photoreceptor size
Every lanternfish species analyzed in this study possessed a pure-rod retina. Although cone photoreceptors
have been indentified in larval stages (Bozzano et al.,
2007), our study confirmed their absence in adult myctophids. The contribution of rod outer segments to the
entire retinal thickness ranged from 13% to 57% within
the central part of the retina in this study. As pointed out
by Lockett (1970, 1977), having the rod outer segments
contributing a large proportion of the thickness of the retina is quite common in deep-sea fishes compared with
their shallow-water counterparts. However, although
outer segment length can be considerable in lanternfishes, the rod photoreceptor is not exceptionally long in
comparison with other deep-sea teleosts rods, which can
often reach 170 lm (in Sternoptyx sp.; Nicol, 1989) and
even 600 lm (in Diretmus argentus; Munk, 1980).
Rod inner/outer segment diameter in myctophids
can be extremely small (<1 lm, Myctophum brachygnathum; Fig. 8), making them one of the smallest photoreceptors found in both vertebrates and invertebrates (at
least insects; Land and Nilsson, 2002). This small rod
diameter also equates to a very high photoreceptor
density (up to 120 3 104 mm22) in the central part of
the retina. Very high rod photoreceptor densities usually mean a high level of summation between photoreceptors and ganglion cells, resulting in high sensitivity.
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Peak densities of ganglion cells were not investigated in
this study, although, if one considers the highest
recorded density of ganglion cells found in the literature
for a lanternfish (7.4 3 103 mm22, Lampanyctus ater;
Wagner et al., 1998) and the highest photoreceptor
density reported in this study (119 3 104 mm22, Symbolophorus evermanni in central retina; F. de Busserolles, J.L. Fitzpatrick, J.N. Marshall, and S.P. Collin,
unpublished data), then summation/convergence ratio
could potentially be as high as 160 photoreceptors for
one ganglion cell. A similar level is predicted for many
of the species examined here, in which most species
possessed a relatively thick ONL (high numbers of rod
nuclei) and a thin INL (low number of bipolar cells).
However, one may expect intraretinal variation, because
we restricted our analyses to central retina, and retinal
thickness can vary markedly not only in myctophids,
e.g., Benthosema suborbitale (Fig. 4A), but also in other
deep-sea species (e.g., Scopelarchus sagax, Locket,
1971; Diretmus argenteus, Munk, 1980).

Novel retinal specializations and their
putative function
The fundal pigmentation
In lanternfishes, the RPE is extremely thin and depleted
of melanin, except in the central part of the retina of
most species, where the RPE cells are modified and
contain a series of localized aggregations of melanosomes that form a radial arrangement of triangular
wedges interleaved between the densely packed rod
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Figure 12. Variation in tapetum lucidum pattern and color in nine species of lanternfishes: Diaphus danae female (A), Diaphus danae male
(B), Gonichthys tenuiculus (C), Lampanyctus parvicauda (D), Myctophum nitidulum (E), Myctophum brachygnatum (F), Myctophum lychnobium
(G), Symbolophorus rufinus (H), and Myctophum obtusirostre (I). Arrows indicate the orientation of the eye cup. T, temporal; V, ventral.
Scale bars 5 1.5 mm.

outer segments either surrounding the optic nerve head
or within discrete patches of the retinal periphery (Figs.
9, 10). To our knowledge, this is the first description of
such a localized fundal pigmentation. O’Day and Fernandez (1976) briefly mentioned the occurrence of a
discontinuous pigmentation in the central fundus surrounding the optic nerve head in their description of
the visual system of the myctophid Stenobrachius leucopsarus, but they offered no further description.
The function of this unique pigmentation remains uncertain, but we present some suggestions based on our

knowledge of its development and the movement patterns
of myctophids as they perform circadian vertical migration
up and down the water column in search of food. Being
composed of dense aggregations of melanin granules, the
function of the fundal pigmentation is most likely to
absorb light within this localized retinal region, thereby
reducing sensitivity, although pigmentation is not continuous, where light not absorbed in some regions of the retina will be reflected by the underlying choroidal tapetum
lucidum to provide limited enhancement of sensitivity or
more complete absorption depending on the direction of
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Figure 13. Tapetum lucidum variation in three species of lanternfishes. A: Tapetum covering the entire retina in Lampanyctus parvicauda.
B: Tapetum present only in the dorsotemporal part of the retina in Bolinichthys longipes. C: No tapetum in Nannobrachium cf. nigrum.
Arrows indicate the orientation of the eyecup. T, temporal; V, ventral. Scale bars 5 1 mm. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

the incident light on this specular reflector. However, why
is it important to absorb light in these retinal regions and/
or reduce the amount of reflected light leaving the eye?

The optic nerve, which does not possess any pigment
(visual or melanin), is composed of the retinal ganglion
cell axons. Since retinal axons in lanternfishes are

Figure 14. Tapetum lucidum structure in myctophids. A: Closeup picture of the tapetum lucidum in Myctophum spinosum. B–D: Transmission electron microscopy pictures of the tapetum lucidum structure of Myctophum nitidulum. PR, photoreceptors; T, tapetum; BV, blood
vessel; RPE, retinal pigment epithelium. Arrowheads indicate the position the Bruch’s membrane. Scale bars 5 1 lm in B; 0.5 lm in C;
100 nm in D. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

1634

The Journal of Comparative Neurology | Research in Systems Neuroscience

The eyes of lanternfishes

Figure 15. Presence or absence of specific visual characteristics in 53 species of lanternfishes plotted against the phylogeny from Paxton
et al. (1984). Fundal pigmentation (FP), microtubular-like structure (MLS), tapetum lucidum (T), aphakic gap dorsal (AD), nasal (AN), ventral
(AV), temporal (AT). Presence of the character, 1; absence of the character, 2; information missing,?. For the tapetum lucidum, no tapetum (2), tapetum present (1), tapetum observed everywhere (111). For the MLS, MLS poorly developed (1), MLS well developed
(11), MLS very well developed (111). The presence of a circumlental aphakic gap is indicated when a 1 is present in all four aphakic
gap areas (AD, AN, AV, AT).

mostly surrounded by myelin, a material possessing a
large refractive index because of its high percentage of
lipids (Van der Zee, 1992), the optic nerve head (cen-

tral fundus) could contribute to a point source of reflectance that might appear different from a tapetal reflex,
although it is difficult to reconcile how this signal might
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be detected. The presence of the fundal pigmentation
might reduce this effect by absorbing the light scattered from the optic nerve head on the optical axis.
However, this does not explain why some species do
not possess this pigmentation, why fundal pigmentation
has not been observed in any other groups of deep-sea
fishes, or the fact that pigmentation is not always
restricted to a concentric arrangement surrounding the
optic nerve, e.g., in Diogenichthys atlanticus (Fig. 9).
Therefore, we consider that this pigmentation is a vestige of a visual specialization important in larval stages
of development but might not have any function in
adults.
In three specimens of Nannobrachium cf. nigrum of
different standard length and therefore of different age
(Fig. 11), the fundal pigmentation remains a constant
size. This indicates that, as the eye (and retina) continues to grow throughout life (as has been found to occur
for presumably all teleosts; Fernald, 1985), the size of
the visual field subtended by this pigmentation will be
different and the field will increase in size as the fish
continues to grow. Myctophids are well known for having very different day and night depth distributions
depending on their life stage (Clarke, 1973; Hulley,
1984, 1994). For example, adults are found in the mesopelagic zone during the day (Karnella, 1987), but myctophid larvae are found exclusively in the shallower
epipelagic zone (upper 200 m; Sassa et al., 2002,
2004). Myctophid larvae are known to have fully functional eyes with a well-differentiated retina composed
mainly of rods but also of cones and an RPE containing
dense (continuous) aggregations of melanin granules
(Sabates et al., 2003; Bozzano et al., 2007). Lanternfish
larvae are visual predators, feeding mostly during daytime in surface waters (Sassa et al., 2002), so a
melanin-rich RPE would protect the rod photoreceptors
from excessive stimulation across the whole retina. The
presence of an RPE containing absorbing pigment
would also enhance resolution, especially during the
transient period and when cones occupied a part of the
photoreceptor array.
As the eye grows, the size of the continuous fundal
pigmentation, which might have filled the entire retinal
area in the larval stages, becomes increasingly smaller
as new retinal tissue is added to the periphery. Newly
differentiated rods are added throughout the retina
(Johns and Fernald, 1981), and this would explain the
regular interruptions in the fundal pigmentation, where
new rods have penetrated the melanin-rich RPE cells,
giving the peculiar appearance of an array of triangular
wedges of melanosomes (Fig. 10). The presence of a
nasal fundal pigmentation in Diogenichthys atlanticus
(Fig. 9) could indicate that, in contrast to many of the
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other species with fundal pigmentation surrounding the
optic nerve head, this species may undergo asymmetric
retinal growth, as has been shown to occur in several
species of shallow-water teleosts (Easter, 1992;
Cameron, 1995; Kwan et al., 1996). Several other species of deep-sea fishes lack melanin pigment in the
RPE, a sign of high visual sensitivity (Somiya, 1980),
but little is known of their early life stages (O’Day and
Fernandez, 1976). Further analysis of this fundal pigmentation at all life stages will be necessary to understand its function better.

The MLS
The presence of MLS in the outer part of the INL has
been reported and/or described for a small number of
teleost species, i.e., shallow-water species such as the
common snook Centropomus undecimalis and the
swordspine snook Centropomus ensiferus (Villegas and
Villegas, 1963), the carp Cyprinus carpio (Witkovsky
and Dowling, 1969), the rainbow trout Salmo gairdneri
(Wolburg and Kurz-Isler, 1977; Kurz-Isler and Wolburg,
1978), the zebrafish Danio rerio (Tarboush et al., 2012),
and one species of deep-sea pearleye, Scopelarchus
guntheri (Locket, 1971). The aforementioned studies
and the findings described here all confirm that the
MLS are different from the classic microtubules occurring in all cell types of the retina. Contrary to classic
microtubules, the MLS are always extracellular, in close
association with membranes; are larger, with a diameter
>20 nm vs. 18–20 nm for microtubules (Wolburg and
Kurz-Isler, 1977); and are more closely packed than
microtubules. MLS are mostly arranged in bundles,
which often appear interlaced with one another, i.e.,
are oriented differently (Locket, 1971), although in
zebrafish they are also organized into linear arrays (Tarboush et al., 2012) and range in size from <1 lm (Villegas and Villegas, 1963; this study) to several
micrometers thick (Locket, 1971; Stell, 1972; this
study).
In lanternfishes, the MLS seem to be systematically
organized into bundles, which vary greatly in size. In
some species, the MLS are so well-developed that they
can easily be distinguished by light microscopy, typically surrounding the horizontal cells within the INL.
Because species with very well-developed MLS also
appear to possess higher densities of horizontal cells,
there might be a relationship between MLS and the
presence of horizontal cell soma and their processes.
This finding is in agreement with previous studies that
all found the MLS to be associated with the horizontal
cells and/or horizontal cell processes (Villegas and Villegas, 1963; Locket, 1971; Stell, 1972; Tarboush et al.,
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2012). Locket (1971) even suggests the MLS originate
from the horizontal cells in Scopelarchus guntheri.
The function of the MLS is still unknown. In terms of
optical properties, it is very unlikely that the MLS would
have any structural/spectral transmission or spectral
reflexion properties because of their random organization and small diameter, which is much less than the
wavelength of light (N. Roberts and T. Jordan, personal
communication). Few studies have suggested a function
for these extracellular inclusions, but Villegas and Villegas (1963) proposed that the MLS may form a bridgelike structural network that interconnects the horizontal
cells. In the rainbow trout Salmo gairdneri, and KurzIsler and Wolburg (1978) found some morphological evidence for an interconnection of different cell types
(between bipolar cells and horizontal cells) via the MLS,
reinforcing the idea of a bridge-like structure. Stell
(1972) suggested that the MLS may help to maintain a
certain volume of extracellular fluid within the retina
and even suggested that the network acts as a means
of ionic composition control around the horizontal cells.
The MLS start developing at an early stage of eye
development in the rainbow trout (at about 30–40 days
posthatching), which also coincides with the start of
their active feeding phase, when there is an increase in
visual acuity (Kurz-Isler and Wolburg, 1978). The
marked interspecific differences in the hypertrophy of
the MLS in lanternfishes described here may be related
to inherent differences in visual functions and/or the
different ages of the specimens examined.

Interspecific variability and the influence
of phylogeny
Results from this study show a great interspecific
variability in the visual system of lanternfishes at many
levels (iris color, aphakic gap, tapetum lucidum, fundal
pigmentation, LMS, retinal thickness, and photoreceptor
size). After examining the retinal structure of several
taxonomic and ecological groups of deep-sea fishes,
Wagner (1990) concluded that the retinal morphology
of a species was more a consequence of ecological and
behavioral factors than of phylogeny. In this sense, we
decided to map these different visual characteristics
onto an existing phylogenetic tree of myctophids (Fig.
15). Although our results seem to agree with Wagner’s
conclusion for some of the lanternfish specializations
examined here (aphakic gap, tapetum lucidum), this is
not always the case, and some specializations appear
to follow the phylogeny closely (fundal pigmentation,
MLS). de Busserolles et al. (2013) investigated variations in eye size in a large number of lanternfishes with
respect to phylogenetic and ecological factors (depth

distribution, luminous organ patterns, sexual dimorphism). The results of their study did not reveal any
relationships between eye size and any of these ecological variables, where the size of the eye in different
tribes of lanternfishes was strongly influenced by phylogenetic relatedness. Similarly, Turner et al. (2009) concluded that, even though visual pigments in
lanternfishes were well-adapted to their environment,
the variation of the maximal absorbance (kmax) of the
visual pigments in 58 species of myctophids was more
the consequence of shared evolutionary history than
environmental constraints. The fact that some of the
specializations observed in myctophids were found well
partitioned against the phylogeny, such as the MLS and
the fundal pigmentation (Fig. 15), also indicates a
strong phylogenetic influence.
However, other adaptations, such as the position of
the aphakic gap and the presence/absence/coverage
of the tapetum lucidum, appear randomly distributed
against the phylogeny, suggesting the influence of other
factors. The effect of the environment (illumination) and
specific visual tasks have previously been related to the
variation seen in such structures. For example, variation
in the size of the circumlental aphakic gap within the
genus Gonostoma was found to be related to an
increase in depth distribution (Marshall, 1954). Similarly, regionalization of the tapetum lucidum in the eye
of several species has been related to the amount of
light irradiance present in the environment, either to
enhance the sensitivity in a specific part of the eye
(Nicol, 1989) or potentially to reduce conspicuousness
in relation to predators (Shelton et al., 1992).
Moreover, variation in tapetum color seems to be
related to the environmental conditions and the specific
needs of a species. For example, species living in fresh
water, which often appears brownish in color because
of the large amount of particulate and plant matter,
often possess a yellow to red tapetum, which transmits
light of longer wavelengths (Nicol et al., 1973; Wang
et al., 1980). In the mesopelagic zone, where most of
the light present (downwelling sunlight and bioluminescence) falls within the short-wavelength range of the
visible spectrum, tapetum color tends to be in the
blue–green range, optimally matching the peak spectral
absorption of the visual pigments of most deep-sea
fishes (!480 nm; Partridge et al., 1988, 1992; Douglas
and Partridge, 1997). In lanternfishes, the dual tapetum
color seen in Notoscopelus resplendens was found to
match the spectral distribution of the ambient light
environment at the depth at which this species is usually found (Douglas et al., 1998). It was also proposed
that the reflectance characteristics of the tapetum lucidum may contribute to the complex array of
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camouflage mechanisms seen in lanternfishes (Douglas
et al., 1998). In fact, a blue tapetum, in addition to
increasing light capture in the right spectral zone, may
provide better camouflage than a silvery tapetum by
blending the eye-shine into the generally blue background. A similar function may be attributed to the
interspecific variation in iris color also observed within
the family. Body color in lanternfishes varies from dark
brown to silvery, with some species also possessing
metallic green or blue scales (Hulley, 1990; Paxton and
Hulley, 1999). Iris color may, in this case, match the
body color of the fish in an attempt to be less conspicuous (Walls, 1942).

CONCLUSIONS
The results from this study confirm that Myctophids
possess what may be considered typical visual adaptations for dim-light conditions in order to enhance the
sensitivity of the eye, including enlarged eyes, an
aphakic gap, a tapetum lucidum, and a pure rod retina
with a high density of long photoreceptors. Moreover,
new specializations such as the fundal pigmentation
and the MLS emphasize the fact that we still know little
about these important groups of fishes, which occupy
such a large part of the deep ocean. Although we propose some putative functions to both specializations,
additional analyses, especially at several different life
stages, will be necessary to confirm our hypotheses.
There is an almost unprecedented interspecific variability in the visual system of myctophids. Our results indicate the influence of both phylogeny and ecology on
the evolution of different visual specializations. The
great interspecific variability observed in some of the
ocular specializations (i.e., aphakic gap, tapetum lucidum) most likely matches the ecological and behavioral
variability seen within this large and diverse group of
lanternfishes (i.e., depth distribution, migration pattern,
luminous organs pattern). However, a more detailed
comparative analysis including phylogenetic information
will have to be conducted to understand fully the factors driving the evolution of the visual system for overcoming such a challenging light environment.
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