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In metazoans, there is a remarkable diversity of photosensitive structures; their shapes,
physiology, optical properties, and development are different. To approach the evolution
of photosensitive structures and visual function, cephalopods are particularly interesting
organisms due to their most highly centralized nervous system and their camerular
eyes which constitute a convergence with those of vertebrates. The eye morphogenesis
in numerous metazoans is controlled mainly by a conserved Retinal Determination
Gene Network (RDGN) including pax, six, eya, and dac playing also key developmental
roles in non-retinal structures and tissues of vertebrates and Drosophila. Here we have
identified and explored the role of Sof-dac, Sof-six1/2, Sof-eya in eye morphogenesis,
and nervous structures controlling the visual function in Sepia officinalis. We compare
that with the already shown expressions in eye development of Sof-otx and Sof-pax
genes. Rhodopsin is the pigment responsible for light sensitivity in metazoan, which
correlate to correlate visual function and eye development. We studied Sof-rhodopsin
expression during retina differentiation. By in situ hybridization, we show that (1) all of
the RDGN genes, including Sof-pax6, are expressed in the eye area during the early
developmental stages but they are not expressed in the retina, unlike Sof-otx, which
could have a role in retina differentiation; (2) Sof-rhodopsin is expressed in the retina
just before vision gets functional, from stage 23 to hatching. Our results evidence
a role of Sof-six1/2, Sof-eya, and Sof-dac in eye development. However, the gene
network involved in the retinal photoreceptor differentiation remains to be determined.
Moreover, for the first time, Sof-rhodopsin expression is shown in the embryonic retina
of cuttlefish suggesting the evolutionary conservation of the role of rhodopsin in visual
phototransduction within metazoans. These findings are correlated with the physiological
and behavioral observations suggesting that S. officinalis is able to react to light stimuli
from stage 25 of organogenesis on, as soon as the first retinal pigments appear.
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INTRODUCTION

In metazoans, the evolution of photosensitives structures is
difficult to establish as there are a high diversity of shapes, at
histological and cellular level, and functioning at physiological
and optical level, and analogous “eyes” appeared during evolution
several times in different lineages (Land, 1988). Nevertheless,
“eye” morphogenesis is controlled by a conserved genetic
network of transcription factors (Gehring, 2002). Among these
genes, pax6 is a member of the highly conserved paired-box
family of transcription factors (Burri et al.,, 1989; Noll, 1993).
Pax6 is considered as a universal master gene controlling eye
morphogenesis, and its expression is reported in developing
photoreceptors (Echelard et al., 1993; Chi and Epstein, 2002;
Pichaud and Desplan, 2002; Gehring, 2005; for review see Kumar,
2009).

In vertebrates as in Drosophila, genes that govern eye
specification are numerous. Indeed, eye formation is known to
be controlled particularly by the Retinal Determination Gene
Network (RDGN). It includes pax6, eya (eyes absent), six (sine
oculis), and dac (dachshund) which act as a regulatory network
of eye formation and retinal differentiation (Kumar and Moses,
2001; Donner and Maas, 2004). More studies indicate that
these genes are also involved in the proliferation of progenitor
cells, differentiation of retinal precursors, specification and/or
maintenance of photoreceptor neurons and finally in the
development of many other non-retinal tissues and organs
(Bessa et al.,, 2002; Brodbeck and Englert, 2004; Christensen
et al., 2008; Lopes and Casares, 2009; Peng et al., 2009). Pax6,
six3, six6, eyal, eya2, eya3, and Dachl are known to play
crucial roles in eye development in vertebrates. Furthermore,
it has been shown that pax6 is an upstream regulator in
the RDGN in Drosophila (Czerny et al., 1999). Besides this
network, otx (Orthodenticle homeobox 2) and Notch play
a key role in photoreceptor cell differentiation and retinal
organization (for review see Boyl et al, 2001; Buresi et al,
2012; Koenig et al., 2016). In fine, photoreception is allowed
by the presence of pigments of the opsin family, present in
all groups whatever the structure of the photoreceptor cells
(Gehring, 2002). Opsin proteins are known to be involved
both in visual and extraocular phototransduction (Porter
et al, 2011). The signal cascade of visual phototransduction
is initiated in the retinal photoreceptors when a photon is
absorbed by a G protein-coupled receptor that is attached
to a vitamin A-derived chromophore, 11-cis-retinal. The
activated visual pigment molecule (opsin) induces a transduction
cascade that results in the opening or closing of cation
cGMP-gated channels in the photoreceptors (Hargrave,
2001).

Among metazoans, researchers are beginning to study the
RDGN in lophotrochozoans. It has been shown that this
regulatory network is involved in morphogenesis of the pigment-
cup eyes of Terebratalia transversa (Passamaneck et al., 2011) and
Platynereis dumerilii (Arendt et al., 2002), of the eyespot of Lineus
sanguineus and Leptochiton asellus (Loosli et al., 1996; Vicking
et al,, 2015), and of the cup eye of Dugesia japonica (Dong
et al., 2012; Kamijyo et al., 2015). Within lophotrochozoans,

cephalopods are good model species in the context of research
of evolution and development (Evo-Devo) due to their highly
centralized nervous system that is more centralized than in
any group of invertebrates (Zullo and Hochner, 2011) and
their specific “complex” camerular eyes, which constitute a
convergence with those of vertebrates.

The cephalopod eye consists from the inside to the outside
of: a retina covering the deepest part of the optic vesicle,
a lens “closing” the vesicle, an iris and a cornea covering
the eye (Figurel). The retina is composed of rhabdomeric
photoreceptor cells supported by a layer of support cells.
Each photoreceptor consists of an outer (posterior) segment
containing the nuclei and an inner (anterior) segment. The
two segments are limited by a basement membrane. The
development of the eye has been described in Sepiella japonica,
in Sepioteuthis australis, in Loligo vulgaris, and recently in
Doryteuthis pealeii (Marthy, 1973; Yamamoto, 1985; Bozzano
et al., 2009; Koenig et al., 2016). The iris and cornea derive
from two layers (respectively inner and outer) of ectodermal
and mesodermal tissues growing around the optic vesicle
(Lemaire and Richard, 1978; Tomarev et al, 1997); the
circular lens is produced by lentigenic cells (West et al,
1995), and the retina, is formed during invagination of the
primary optic vesicle (Lemaire, 1971; Lemaire and Richard,
1978).

Studies about the cephalopod’s photosensitivity during
embryogenesis have suggested that embryos become
photosensitive early before hatching before the final
differentiation of the retina (S. japonmica, Yamamoto et al.,
1985; S. australis, Bozzano et al., 2009). Unlike any other
cephalopod, Sepia officinalis embryos develop in a dark visual
environment because of the black capsule surrounding the egg,
which attenuates the light reaching the embryo. Nevertheless,
S. officinalis is able to react to light stimulus from stage 25 of

FIGURE 1 | Schema of transversal section of the eye of S. officinalis at stage
30. Black dotted-line shows the level and the orientation of the section. bm:
basement membrane; co: cornea; il: inner layer; ir: iris; Is: lens; It: lentigenic
tissue; ol: outer layer.
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organogenesis, i.e., as soon as the first retinal pigments appear
(Lemaire, 1971; Lemaire and Richard, 1978; Romagny et al.,
2012). Maturation of the visual system occurs in the last stages
of photoreceptor differentiation before hatching: the main
elements for photosensitive function and the cuttlefish’s eyes
are entirely functional at hatching, as the juvenile immediately
adopts the visual-guided behavior of predation. It must be noted
that cephalopods are known to have a remarkable capacity to
transform their appearance by changing their dermal coloration,
patterning and shape using chromatophores, iridophores,
leucophores, and papillae (Cloney and Brocco, 1983; Allen et al.,
2009). The skin pattern is controlled by the eye and probably
by an extraocular or non-visual photoreception, as shown in
some cephalopod species (Kingston et al., 2015a). All of these
extraocular photoreceptors described are known to use many
phototransduction components including retinochrome, visual
arrestin, rhodopsin kinase, and rhodopsin identical to the isoform
expressed in the eyes (Tong et al., 2009).

The development of the cephalopod eye is investigated in
numerous molecular and genomic studies (Tomarev et al,
1997; Hartmann et al, 2003; Bozzano et al., 2009; Ogura
et al., 2013; Peyer et al, 2014; Yoshida et al., 2014; Koenig
et al, 2016). To complete the behavioral approaches and to
understand mechanisms of eye maturation and visual function
appearance, we have chosen to explore the molecular pathways
underlying the developmental processes in an evolutionary
perspective in S. officinalis. Pax6 expression has been already
determined in numerous cephalopods. During development,
pax6 is expressed in eyes particularly in the ocular primordia,
optic ganglia, and light organ (a photosensitive structure
of bobtail squid) (Tomarev et al, 1997: Loligo opalescens;
Hartmann et al., 2003: Euprymna scolopes; Navet et al., 2009:
S. officinalis; Peyer et al,, 2014: E. scolopes; Yoshida et al.,
2014: Idiosepius paradoxus; Koenig et al., 2016: D. pealeii).
Expression of other genes of the RDGN, six, eya, and dac
has been described in the central nervous system, optic area
and light organ of E. scolopes and during eye morphogenesis
of the D. pealeii embryo (Peyer et al, 2014; Koenig et al,
2016). Finally, Sof-otx expression has been characterized
in S. officinalis embryo in early to late organogenesis of
the eye (Buresi et al, 2012). Nonetheless, most of these
studies have been performed on wholemount embryo, without
considering specifically the retina morphogenesis and its
function.

Our goal was to understand the evolutionary mechanisms,
the complexity and the emergence of photosensitive structures
and visual phototransduction in a cephalopod group. Thus,
we described the morphological differentiation of the retina,
and complement the identification and description by spatio-
temporal expression patterns of the Sof-sixI/2, Sof-eya, Sof-
dac genes. Then, we highlight and discuss the role of these
genes during eye specification in S. officinalis including the pax
genes and otx expressions in the eyes. Furthermore, in order
to link the RDG network with the visual phototransduction
components and the appearance of photosensitivity during the
development, Sof-rhodopsin expression patterns were explored in
the developing retina.

MATERIALS AND METHODS

Collection, S. officinalis Eggs Incubation,
and Staging

In France, cuttlefish experiment and maintenance are covered
under European Union guidelines (Directive 86/609) and the
French law (decree 87/848) regulating animal experimentation
that does not concerns embryos before hatching. Nonetheless,
all experiments were performed according to France and
European ethical guidelines in the treatment and handling
of all animals used within this study. Fertilized eggs of S.
officinalis used in this study come from SMEL (Synergie
MEr et Littoral, Blainville, France). The protocols for the
staging and the fixation of the embryos are detailed in
Buresi et al. (2012).

Phylogenetic Analysis, Characterization,

and Sequencing of S. officinalis Genes
mRNA fragments of Sof-six1/2, Sof-eya, Sof-dac, and Sof-opsin
were characterized in an embryonic EST library of S. officinalis
(ADY0OAAA48YE16CM1, tc_01401, ADY0AAA73Y015CMl,
and tc_01048 respectively; Bassaglia et al, 2012). For the
phylogenetic analyzes all alignments were performed using
MAFFT and the G-INS-I iterative refinement method (Katoh
and Standley, 2013). The best maximum-likelihood trees were
inferred using PhyML with the WAG evolutionary model and
100 bootstrap replicates. Each of the genes has been tested in a
phylogenetic work including genes from other metazoans. Six
is identified as a six1/2, and our opsin sequence shows exactly
the same sequence as that of AY450853 and that of 016005,
identified as a true Gg-coupled/rhabdomeric photoreceptor
opsin in the phylogenetic tree of Yoshida et al. (2015). From
these characterized sequences, specific primers were designed
for PCR amplification: Sof-rhodopsinF3 (5-GTACAACCCC
ACCATGGAGG-3') and Sof-rhodopsinR3  (5'-CGCCGAT
GAAGCCGTATACT-3"), Sof-six1/2F3 (5'-CCTCCCATGCT
TCCATCGTT-3') and Sof-sixI/2R3 (5-GAAATTTTCGGC
GGACCCTG-3'), Sof-eyaF1 (5'-ACCTACACGAGGTGGTC
GTC-3'), and Sof-eyaRl (5'-CCACGGACTCCAGTTGCTAT
-3'), Sof-dacF1: (5-CGGCCAGAAGCACCAGTTAT-3') and
Sof-dacR1  (5'-CAGTGCTTCACCATTGGGGACT-3"). They
were used to amplify respectively a 311, 346, 372, and 400
bp fragment. Sof-dac was cloned as described in the protocol
of Buresi et al. (2012). Concerning Sof-six1/2, Sof-eya, and
Sof-rhodopsin genes, each of the genes has been synthetized
and cloned by Genecust (Dudelange, Luxembourg). The
probes for in situ hybridization were synthetized from theses
plasmids.

In situ Hybridization

Whole-Mount In situ Hybridization

RNA probes were synthetized with the digoxigenin (DIG) RNA
labeling mix from Roche (Mannheim, Germany). According
to the sense of PCR product insertion into the vector,
sense and antisense probe were obtained with T3 and T7
polymerase (Roche). Spatio-temporal expression patterns of Sof-
six1/2, Sof-eya, Sof-dac, and Sof-opsin gene transcripts during
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early embryogenesis of S. officinalis (from stage 18 to stage
22) were examined by whole-mount in situ hybridization
(ISH) according to the protocol detailed in Buresi et al
(2012).

Cryo-Sections In situ Hybridization
From stage 23 on, it is necessary to observe the expression
on sections to localize the expressing cells. Embryos used
for cryo-sections in situ hybridization were impregnated in
0.12M phosphate buffered (0.08M di-sodium hydrogen ortho-
phosphate, 0.02M sodium dihydrogen phosphate dehydrate) plus
30% sucrose treated with 0.1% DEPC (Diethyl pyrocarbonate)
for 48 h at 4°C. Then, they were included in Tissue-Tek and
blocks were frozen in isopentane cooled at —80°C for 1 min.
Sections of 20 pm were performed with cryostat Leica and
used for ISH experiments. From stage 23 to stage 30, the
expression patterns of those genes were stained by a cryo-
sections in situ hybridization. Note that control negatives were
used for each slide as a test for the same embryo selected
and each gene studied. Unless otherwise specified, all steps
of the experiments were performed in a humid chamber at
room temperature. After 30 min at room temperature, the
sections were rehydrated 2 times in 1X phosphate buffered saline
(1X PBS) with 0.1% DEPC and treated 1 time in standard
5X saline citrate (75 mM tri-sodium citrate, 0.75 M NaCl)
each time for 15 min. A prehybridization step was done in
hybridization solution (HS) for 2 h at 65°C (50% deionized
formamide, 5X standard saline citrate, 40 pLg/ml salmon sperm
DNA, 5X Denhardt’s, 10% Dextran sulfate). Sections were next
incubated overnight at 65°C in HS containing 300 ng/ml of
probes. Excess probe was removed by 2 rinses in standard
2X saline citrate (30 mM tri-sodium citrate, 0.3 M NaCl)
(respectively 30 min then 1 h, 65°C). Slides were washed for
1 h at 65°C in standard 0.1X saline citrate (0.015 mM tri-
sodium citrate, 15 mM NaCl). Sections were then treated twice
(15 min each) with MABT (100 mM Maleic acid, 150 mM
NaCl, 1% Tween20, pH 7.5). Saturation was performed for 1
h in blocking solution (MABT, 4% Blocking powder (Roche),
15% fetal bovine serum), followed by incubation for 1 h at 4°C
with anti-digoxigenin antibodies (Roche) coupled to alkaline
phosphatase (AP) and diluted at 1:500 in blocking solution
(MABT, 1% Blocking powder, 5% fetal bovine serum). Excess
antibody was eliminated by 3 rinses (10 min each) in MABT
then 3 rinses (5 min each) in PTW (PBS plus 0.10% Tween20).
Sections were impregnated for 20 min in AP solution (100 mM
tris hydrochloride, 50 mM Magnesium chloride, 0.1% tween20)
with 100 pM levamisole hydrochloride (Sigma, France). The
revelation of AP activity was conducted in AP solution (100 mM
tris hydrochloride, 50 mM Magnesium chloride, 0.1% tween20
plus 1 mM levamisole hydrochloride) containing 165 ng/ml
BCIP (5-bromo-4-chloro-3'-indolyphosphate p-toluidine salt)
and 330 pg/ml NBT (nitro-blue tetrazolium chloride) (Roche).
The reaction was stopped by washing 3 times (10 min each) in
1X PBS. The slides were treated with DAPI (4’,6-diamidino-2-
phenylindole; 25 pg/ml).

For fluorescent in situ hybridization, a POD-coupled anti-
digoxigenin antibody (Roche) diluted 1:500 was used and bound

antibodies were revealed using FITC-tyramide diluted 1:200
in PTW containing 0.001% of hydrogen peroxide, at room
temperature for thrice 45 min, in the dark. After washing, the
sections were mounted in Mowiol.

Microscopy Observation and Image

Processing

A Leica M16 2F binocular stereomicroscope was used to
observe the embryos labeled by in situ hybridizations. For
cryo-sections ISH, the sections were observed under a
Leica DMLB compound microscope. All images were taken
by a camera color CoolSnapPro and treated using Adobe
Photoshop Elements 9 (Adobe, CA, USA) for contrast and
brightness.

RESULTS

Eye Development and Retina

Differentiation

The embryonic development of S. officinalis has long been the
subject of morphological research (e.g., Naef, 1928; Lemaire,
1971; Boletzky, 1989, 2003; Boletzky et al., 2006; for review
Boletzky et al., 2016). The authors have described 30 stages
along three main periods. The cephalopod eye is composed of
numerous structures, analogous to those of vertebrates (Figure 1)
and its development has been described for long time. In S.
japonica, the development has been described in 40 stages with
four phases of retinal differentiation (Yamamoto, 1985). Here
we described the development of the S. officinalis retina based
on that of S. japonica. The eye morphogenesis of cuttlefish is
characterized by four successive ectodermal folds and begins at
stage 15 when the ocular primordium is visible. At stage 16, the
invagination of the ocular primordium yields the primary optic
vesicle that becomes completely closed at stage 18 (Figure 2).
Development of the retina of S. officinalis begins at stage 18,
when the primary optic vesicle is closed and appears as a
single layer with uniform columnar cells (Figure 2). At stage 21,
the primary cornea develops from an outer fold surrounding
the retinal thickening and the iris develops from an external
second ectodermal fold (Figure 2). The lens starts to form at
this stage, first teardrop shaped and becomes subspherical at
stage 25 (Figure 2). Between stages 21 to 25 (corresponding to
stages 24-29 in S. japonica), differentiation of two cell types
begins. At stage 24, the retina begins to be slightly colored
with orange in the periphery of the middle retina. From
stage 25 on, the eyes are entirely orange and darken until
hatching. Further in the development (stages 25 and 26), a third
ectodermal fold covering the eye appears to form a secondary
cornea (Figure 2). During the process of establishment of the
secondary cornea, the photoreceptor cells and supporting cells
begin to differentiate. From stage 28 on, the photoreceptors
continue to grow and complete their specific differentiation,
forming rhabdomeric cells. The end of the embryonic period at
stage 29 is marked by the formation of the eyelid (Figure 2).
At hatching, the eye is completely functional (Gilbert et al,
1990).
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Differentiation of dark
and light cells (DC and LC)

Undifferentiating
cells

Differentiation of
rhabdomeric and
supporting cells

Rhabdomeric
photoreceptors

Migrating
nuclei

stage 18 stage 21 stage 23

stage 25

stage 26

ss: shell sac; st: statocyste; t: tentacle.

FIGURE 2 | Embryonic eye development in S. officinalis. From top to bottom: schematic drawings summarizing the eye morphogenesis between stages 18 and 30
(from Grassé, 1989) with indication of the differentiation of retina cell types based on Sepiella (Yamamoto, 1985). Green rectangle: first reaction and habituation to light
from stage 25 and the memory process at late stages of development. Eye embryos’ photographs between stages 18 and 30. Down: drawings of three major phases
of S. officinalis organogenesis. a1, a2, a3, a4, ab: arms 1 to 5; e: eye; fi: fin; fp: funnel pouch; ft: funnel tube; g: gill; h: head; ho: hoyle organ; m: mantle; mo: mouth;

Phylogenetic Analyses of the Sof-six1/2,
Sof-eya, Sof-dac, and Sof-rhodopsin ESTs

The eye morphogenesis in numerous metazoans is controlled
by several important genes that includes pax, six, eya, and dac.
They were shown to play key developmental roles in non-
retinal structures and tissues of vertebrates and Drosophila.
Blast analyses from our S. officinalis EST library revealed
the existence of ESTs putatively encoding for Sof-dac, Sof-
six, Sof-eya and Sof-opsin. However, since it was previously
shown that cephalopods contain several opsins (Yoshida et al.,
2015) or more than one six gene (Koenig et al, 2016), we
performed Maximum-likelihood tree based analyses to confirm
the identity of ESTs studied here. Using a set of chordate,
lophotrochozoan, and ecdysozoan published sequences we
obtained a phylogenetic position for the eyes absent (EYA)
(Figure 3), sine oculis homeobox (SIX) family (Figure4),
dachshund (Figure 5), and opsins (Figure 6) ESTs. Moreover, to
strengthen our phylogenetic analyses, we also used unpublished

data corresponding to a recent draft assembly of several
transcriptomes of juveniles from S. officinalis. Our data
demonstrate that our six EST belong to the Six1-Six2 Clade
(Figure 4), and that the opsin EST is identical to a previous opsin
of the Clade II Gq-coupled/rhabdomeric opsin Yoshida et al.,
2015 (Figure 6).

Sof-otx, Sof-six1/2 and Sof-eya Expressions in the
Developing Eyes of Sepia officinalis

In the whole-mount embryo, Sof-eya transcript appears
expressed at stages 20 and 21 in the eye area (Figures 7A,C).
In situ hybridization on cryo-sections, allowing a more precise
tissue localization shows a staining localized only in the tissue
surrounding the eyes at stage 20 and 21 (Figures 7B-D). In
contrast, Sof-six1/2 expression is not detected in the surrounding
tissue (data not shown). For both genes (Sof-six1/2 and Sof-eya),
no expression is observed in the retina during these stages and
from stage 23 to hatching, no expression is detected in any
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FIGURE 3 | Diversity of eyes absent (EYA) homolog. Maximum-likelihood tree based on 287 aligned amino-acids. The specific S. officinalis EST is shown in orange,
and the S. officinalis contig/gene is in blue. Bootstrap support values are shown in the circles at the nodes (Black, 100-80%; gray, 80-50%).
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FIGURE 4 | Diversity of sine oculis homeobox (SIX) family. Maximum-likelihood
tree based on 183 aligned amino-acids. The specific S. officinalis EST is
shown in orange, and the S. officinalis contigs/genes are shown in blue. For
the color code used for the bootstraps refer to Figure 3 legend.
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other tissues. By contrast, Sof-otx is expressed in the eye area
as shown in whole-mount embryo ISH and this expression is
located precisely in the retina at stage 20 and 21 (Figures 7I-L).
The expression in the retina stops after stage 26 (Buresi et al,,
2012).

Sof-dac Expression during Organogenesis

In all studied stages (from 18 to 30), Sof-dac appears expressed
in the eye area. Sof-dac expression begins at stage 18 when
the primary optic vesicles are not yet closed. The expression is
observed in the eye area, in tissues surrounding the primary
optic vesicle and in peripheral structures such as the arms
(Figures 7E-H). By ISH on sections, allowing tissue localization,
we show that there is expression neither in the retina nor
in other tissues surrounding the eyes at early organogenesis
(Figures 7F-H). No expression of Sof-dac is observed in the
retina in later stages, from 24 to hatching. Nevertheless, Sof-
dac is expressed, in the arms, cerebroid ganglia, visceral ganglia,
and gills (Figure 8). Sof-dac expression is maintained in the
arms until late stages of development (Figures 8C,E). At stage
24, when the ganglia merge and begin to differentiate into
lobes, in situ hybridization on cryo-sections shows that Sof-dac
expression is located in the plexiform area and medullar zone
of the optic lobes, in some cells of the arm cord, in tissue
layer surrounding the nerve cord, supraesophageal (SPM) and
subesophageal (SBM) masses (Figures 8B,C). From stage 25 to
30, Sof-dac expression is restricted to the developing central
nervous system, especially SPM and SBM, in some cells of the
arm cord and in tissue layer surrounding the nerve cord, in the
inner and outer plexiform layers and central medulla of the optic
lobes (Figures 8D-F).

Sof-rhodopsin Expression in the Differentiating
Retina

From stage 23, Sof-rhodopsin expression is detected only in the
undifferentiated retina (Figure 9A). Sof-rhodopsin expression in
the retina continued through stage 30 before hatching (Figure 9).
This expression is variable; from stage 23 to 25, Sof-rhodopsin
is expressed weakly and is observed only in the outer portion
of the retina, corresponding to the area where the nuclei of the
undifferentiated receptor cells and support cells are localized
(Figures 9A,B). From stages 28 to 30, Sof-rhodopsin appears
strongly expressed in the entire retina (Figures 9C,D). Actually,
rhodopsin is normally restricted to the photoreceptor cells and
is not present in all cells. Our observation is probably due to
the numerous and juxtaposed rhabdomeric photoreceptors at
the end of the development. Sof-rhodopsin expression should be
limited to the outer segments of the differentiated retina cells.

DISCUSSION

Eye Specification Gene Expression in

S. officinalis Embryo

Our expression data show that Sof-eya expression is restricted to
the eye area and surrounding tissues at stages 20 and 21. Sof-
six1/2 is also expressed in the eye area during the early stages
of organogenesis (from stage 20 to stage 21) in S. officinalis.
Surprisingly, no Sof-six1/2 and Sof-eya expression is shown in the
eye area before stage 20 and after stage 22. Eya and Six have been
strongly proposed to have an ancient role in eye development
and their orthologs are involved in visual system development in
both “invertebrates” and vertebrates (Vopalensky and Kozmik,
2009). The analysis of Eya genes expression in vertebrate eye
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bootstraps refer to Figure 3 legend.
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FIGURE 5 | Diversity of dachshund. Maximum-likelihood tree based on 170 aligned amino-acids. The specific S. officinalis EST is shown in orange, and the S.
officinalis contig/gene is shown in blue. The EST and the contig protein sequences are slightly divergent in the N-terminal part of the sequences, probably because of
EST sequence errors but importantly only the central and conserved region was used to generate the probe for in situ hybridization. For the color code used for the
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development has shown that the three Eya genes, Eyal, 2, 3 are
differentially expressed in the developing eye (Xu and Saunders,
1997). Indeed, Eyal is expressed in the lens, optic stalk, and
neural retina (Xu et al., 1997). Eya2 is expressed in the neural
retina only. Eya3 is present in the optic vesicle and the periocular
mesenchyme, but both genes Eya2 and Eya3 are absent in the lens
(Xu et al., 1997). In Drosophila, sine oculis has been shown to be
required for the development of both, the compound eyes and
the ocelli (Cheyette et al., 1994). Indeed, it has a critical role for
the development of the entire visual system (Gehring, 2002). In
mouse, sine oculis orthologs six1/six2 are known to be expressed
in the adult differentiating cells of the retina (Oliver et al., 1995).
In protostome, sixI/2 homologs are known to be important

for the early specification of the visual system (Cheyette et al.,
1994; Arendt et al., 2002). The role of six1/2 homologs in early
visual system specification has been proposed to be evolutionary
conserved outside Bilateria (Stierwald et al., 2004). Recent studies
in cephalopods indicate that six2, six3, and eya expressions have
been observed in the eye area, the optic lobes and often, at
very early stages: in the lip of the placode and edges of the
lid in D. pealeii embryo until stage 27. This suggests that six
genes and eya are involved in lens formation as it is observed
in vertebrates (Koenig et al., 2016). In E. scolopes, six and eya
expressions were detected in numerous tissues including, until
stage 26, the ventral light organ, with no known “visual function”
(Peyer et al., 2014). However, in the results shown in these
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FIGURE 6 | Diversity of Lophotrochozoa opsins. This unrooted tree
corresponds only to Gg-coupled/rhabdomeric opsins and to Neuropsin types.
Maximum-likelihood tree based on 170 aligned amino-acids. The opsin-like
protein which identical (100% conserved at the protein level, and 99%
(717/718) identities at the nucleotide level); not shown) to the EST used in our
study is shown in orange, and the S. officinalis contigs/genes are shown in
blue. For the color code used for the bootstraps refer to Figure 3 legend.

studies, expressions are presented by whole-mount ISH without
showing precisely the staining in the eye fields with convincing
histological data. According to our results both on sections and

whole-mount, we point out that the expression shown in whole
mount ISH in these studies must be confirmed by sections in the
areas supposed to be stained. Furthermore, Ogura et al. (2013)
have shown that six3/6 is involved in the lens formation and
its expression is localized in the lentigenic cells. Studies from
vertebrates and Drosophila and even cnidarian, report six3/6
expression in the developing eye (Oliver et al., 1995; Loosli et al.,
1999; Zuber et al., 1999). Although we encountered problems
and were not able to repeat staining of sixI/2 expression on
sections, our expression data do not suggest any evolutionary
conserved role of Sof-six1/2 in the retinal specification and the
eye formation. However, we cannot exclude the expression of
another six-subfamily gene such as six3/6 proposed to have
an evolutionary conserved role. Sof-dac transcript is expressed
from stage 18 to stage 30 in eyes and the optic lobes (Figure 8)
but surprisingly its expression is never observed in the retina
of cuttlefish. In vertebrates and Drosophila, dac expression is
observed in the central nervous system, optic cup and also in the
entire neural retina as it is shown on sections (Hammond et al.,
1998; Caubit et al., 1999; Heanue et al., 1999; Loosli et al., 2002;
Martin-Durdn et al., 2012). In molluscs, dac is expressed in eye
photoreceptor cell’s development in larval chiton (Vécking et al.,
2015). In a cephalopod, E. scolopes, dac transcript expression is
observed in the eyes, arms, mantle and light organs by whole
mount in situ hybridization (Peyer et al., 2014). Strikingly, this
expression is shown only on sections in the light organs but not
in the retina. We point out that dac expression at the cellular
level of eyes and other tissues must be confirmed by sections.
In addition to being expressed in eye-associated tissues, Sof-dac
has been also stained in supra-esophageal and sub-esophageal
masses, gills, arms, and statocysts, all tissues playing important
roles in sensory-motors functions. Our results show that the
role of dac transcript is conserved in the central nervous system
of metazoans. Nevertheless, Sof-dac seems expressed in optic
lobes, precisely in the inner, the outer plexiform layers and
also in the medullar zone at late stages until stage 30 before
hatching. The plexiform area is also called the “deep retina” due
to its similarity with the ganglionic layer of the vertebrate retina
(Young, 1962). It is constituted by an inner and outer plexiform
layer separated by a complex neuropil zone (Young, 1974).
In cephalopods, the plexiform area contains several cell types
(amacrine neurons, centrifugal, centrally, and centripetal cells).
Furthermore, the retinal photoreceptors connect with the optic
lobes by the photoreceptor axons in the plexiform area (Hartline
and Lange, 1974). Indeed, the photoreceptors make synaptic
contact with the amacrine neurons located in the inner and
outer plexiform layers (Young, 1971; Case et al., 1972). Sof-dac
expression in these areas could be an indication of the presence of
photoreceptive cells in the optic lobes. These results suggest that
Sof-dac is involved in the morphogenesis of the eye and visual
control structures such as optic lobes in developing S. officinalis.
In addition, we evidenced unexpected Sof-dac expression, for
the first time: in some cells of the arm cord and in tissue layer
surrounding the nerve cord. The histological character of this
tissue is not yet identified, and additional studies must be done
to determine if it is nervous or muscular cells as shown in some
species (Heanue et al., 1999).
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FIGURE 7 | Sof-eya, Sof-dac, and Sof-otx expressions during stage 20 and 21 of S. officinalis. (A-D): Sof-eya. (E-H): Sof-dac. (I-L): Sof-otx. (A,E,l): embryos stage
20. (B,FJ): thin sections of stage 20. White head arrows point expressions of genes. (C,G,K): embryos stage 21. The pink color in eyes and around the eyes is
background: no staining is visible through sections (D,H,L) [thin sections of embryos (C,G,K), respectively]. a: arms; re: retina; st: surrounding tissue. (A,C,E,G,I,K):
scale bar is 500 um. (B,D,F,H,J,L): scale bar is 150 um.

In S. officinalis we evidence that the gene network, six1/2, eya,
and dac is involved in the early eye area formation but not in the
differentiation of the retina. Similar results were found with Pax6,
not involved in the retina formation (Navet et al., 2017). Pax6 is
considered as a universal master control gene of eye formation
and developing photoreceptors in metazoans (Gehring, 2005;
see review in Kumar, 2009); it regulates upstream the RDGN,
which instructs the formation of the adult eye in Drosophila.
In numerous cephalopods (L. opalescens: Tomarev et al., 1997;
E. scolopes: Hartmann et al., 2003; Peyer et al., 2014; S. officinalis:
Navet et al., 2009, 2017; I paradoxus: Yoshida et al., 2014;
D. pealeii: Koenig et al., 2016), Pax6 expression has been shown
in optical areas, eye and optic lobes. In S. officinalis, Pax6 presents
a large ectodermic and mesodermic expression in the optic area
but never in the retina (Buresi et al., 2016; Navet et al., 2017)
and no clear expression in retina cells has been finally shown in
the other species. These findings suggest the non-conservation
of pax6 in the differentiation of the retinal photoreceptors by
the loss of the conserved RDGN upstream regulation: this could
explain the loss of expression of six, eya, and dac in the retina.
No other pax genes (pax3/7 and pax2/5/8) is expressed in
S. officinalis embryo all along the development in the retina
cells from the first steps of specification until the rhabdomeric
photoreceptors are fully differentiated. Nevertheless, other genes

appears to have a role in retina differentiation, such as
Sof-otx, which is expressed in the retina as already shown
(Buresi et al., 2012).

Indeed, otx2 transcript factor is known to play a role equally
in the development of the eye and the photoreceptor cells. In
vertebrates, otx orthologs could control all retinal cell types
(Chen et al, 1997; Viczian et al,, 2003). Otx2 and pax6 are
expressed upstream of the opsin: they could act to enhance
r-opsin expression for the rhabdomeric photoreceptor; but only
otx2 (and not pax6) with Rx activate the expression of c-opsin,
characteristic of ciliary photoreceptors (Vopalensky and Kozmik,
2009). Otx2 transcription factor expression is reported in the
photoreceptors of the fly ommatidia, in the photoreceptor
precursors of larval eyes of T. transversa and the planarian
pigment-cup eyes (Umesono et al., 1999; Passamaneck et al,
2011). In Sepia embryos, otx is expressed in the eyes particularly
in the retina from early to late developmental stages (from
stage 19 to stage 26) when the photoreceptor’s differentiation
started but its expression is not found from stage 26 when the
retinal cell type organization is being achieved (Buresi et al.,
2012). Thus, the mystery of the final differentiation of retinal
photoreceptors and the genes that control this process remains
to be characterized in order to understand what the underlying
molecular mechanisms are.
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FIGURE 8 | Expressions of Sof-dac during S. officinalis organogenesis on transversal cryo-sections. Dorsal side is up and ventral side is down. (A-C): stage 24. (A):
eye. (B): optic lobe. (C): arm 5. (D,E): stage 26. (D): expressions in the supraesophageal and subesophageal masses, in inner and outer plexiform layers (black head
arrow) and medullar zone of the optic lobes. (E): arm 5. (F): stage 28, optic lobe and eye. Black head arrows point out the expressions of the respective genes in the
eyes. a4, a5: arms; ipl: inner plexiform layer; m: medulla; nc: nerve cord; ol: optic lobes; opl: outer plexiform layer; pa: plexiform area; re: retina; SBM: subesophageal
mass; SPM: supraesophageal mass; st: surrounding tissue. (A-C): scale bar is 150 wm. (D-F): scale bar is 300 pwm.

Sof-rhodopsin Expression in the
Differentiating Rhabdomeric

Photoreceptors

Our results reveal for the first time in S. officinalis embryo the
expression patterns of rhodopsin transcript in the developing
retina from stage 23 to hatching (Figure 9). Several cephalopod
species have both retinal and extraocular photoreceptors located
in the light organ, skin, paraolfactory vesicles, epistellar body,
and nervous system where a great diversity of opsin proteins
can be found (Cobb and Williamson, 1998; Tong et al,
2009). In coleoid cephalopods, the retina only has a single
layer containing rhabdomeric photoreceptors, supporting cells
and blood vessels (Messenger, 1981). Additionally, the retinal
rhabdomeric photoreceptors are known to express a single
type of rhodopsin in coleoid cephalopods (Bellingham et al.,
1998). Rhodopsin transcript has been evidenced by RT-PCR and
immunolabeling not only in the retinas of several adult species of
cephalopods such as squid D. pealeii, cuttlefish S. officinalis and
Sepia latimanus but also in the skin of the same species (Kingston
etal., 2015a,b). These authors indicate that the rhodopsin detected
both in the skin and retina of adult cuttlefish is the same.
But interestingly, in S. officinalis embryo, unlike adults, we
have evidenced rhodopsin expression only in the retina, not in
other tissues or structures, such as the skin. As the rhodopsin
sequence used is exactly the same described in Kingston et al.
(2015a) and Yoshida et al. (2015), and as no other rhodopsin
has been found in our EST-library, we propose that rhodopsin
is expressed in the skin after hatching, in the juveniles, when

the patterns are useful for camouflage. A differential expression
of rhodopsin during development has been shown in annelid
suggesting a control of the “visual function” in accordance with
developmental stage (Randel et al, 2013). Finally, rhodopsin
transcript can be expressed so weakly that it cannot be detected
by in situ hybridization. The weak expression of Sof-rhodopsin
observed between stages 23 and 25 can be explained by the first
differentiation step of cells at stage 23, and the beginning of
the differentiation into photoreceptor cells and supporting cells
from stage 25 on, as observed in Sepiella. This expression might
be localized in the cells which differentiate into rhabdomeric
photoreceptors at late stages as it is observed in other cephalopod
adult species. But, in order to link sof-rhodopsin expression to
the retinal cell differentiation process, further studies should
be conducted during cuttlefish embryogenesis. Moreover, the
expression of Sof-otx in cuttlefish’s retina at stage 19, long before
the expression of rhodopsin (stage 23) is congruent with the
upstream regulation of rhodopsin in vertebrates (Vopalensky and
Kozmik, 2009), and the timing of retina cone differentiation
in mouse preceding the rhodopsin expression (Rodgers et al.,
2016). Nevertheless, as Sof-otx expression stopped at stage 26
(Buresi et al., 2012), we question the control of rhodopsin
expression in late developmental stages, i.e., in rhabdomeric
photoreceptors. This expression and the production of visual
rhodopsin combined with the observation of reactivity of the
eye from stage 25 on show that rhodopsin is present before
the setting up of the rhabdomeric photoreceptors (Yamamoto
et al., 1985). These data strengthen the hypothesis of Romagny
et al. (2012) suggesting that S. officinalis is able to react to
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FIGURE 9 | Expressions of Sof-rhodopsin during S. officinalis organogenesis
on transversal cryo-sections. Dorsal side is up and ventral side is down. (A,B):
expressions in the developing retina (black head arrows) respectively at stages
23 and 25. (C,D): expressions in differentiating retina, respectively at stages 28
and 30. Is: lens; ol: optic lobe; re: retina. Scale bar is 200 um.

light stimuli from stage 25 of organogenesis on, when the first
retinal pigments appear, a stage when the rhabdomes are not
totally differentiated. As a consequence, a fully differentiated
rhabdomeric photoreceptor is not necessary to have a “basic”
answer to light stimulus. Nevertheless, Romagny et al. (2012)
have shown, by behavioral experiments of answer to light, that
the habituation to light, the memory process is evidenced only
at late stages of development, when the retinal rhabdomeric
photoreceptors are totally differentiated and when the rhodopsin
expression is very high (Figure9). It is linked to the final
maturation of the analysis centers (brain and optic lobes).

CONCLUSION

The aim of this study was to lay the molecular basis of
eye formation, differentiation, and specification of retinal
photoreceptors in S. officinalis. The results obtained indicate that
three genes important for eye morphogenesis and photoreceptors
differentiation in numerous groups of metazoans are involved
in eye formation but never in retina cell differentiation during
S. officinalis embryonic stages studied (17 to 30). We cannot
exclude that they are expressed before stage 17 but as there are
undifferentiated cells until stage 21, their role in the retina cell
differentiation would be questioned. These findings reveal or
reinforce the divergence and the broad complexity in the genetic
network underlying the cephalopod retinal differentiation. Sof-
six1/2, Sof-eya, and Sof-dac are localized only in the eye
area questioning about the gene network involved in the
differentiation of rhabdomeric photoreceptors in cephalopods.
Actually, all of the previous studies in eye development in
cephalopods have been performed by whole mount in situ

hybridization. However, according to our results, we point out
that gene expressions must be studied on sections to make it
possible to exactly locate the expression of these genes at the
cellular level. Nevertheless, cephalopods are an interesting model
to study the evolution of the nervous system, the eye development
complexity and the diversity of photosensitive structures. Besides
the fact that RDGN expression levels could be outside the
threshold of detection, the Sepia’s retina development and the
final differentiation of rhabdomeric photoreceptors is probably
controlled by other genes than those identified until now. Thus,
it will be necessary to explore the role of other genes such as
Notch that is known to intervene in the retina and lens formation
in vertebrates and Drosophila where it regulates the cell cycle
progression within retina and lens (Livesey and Cepko, 2001;
Charlton-Perkins et al., 2011).

Our study opens up other opportunities to investigate
the evolution of functions complexity within metazoans.
Sof-rhodopsin expression in the retina during S. officinalis
embryogenesis correlates with the behavioral observation and
the light sensitivity of cuttlefish embryos before the final
differentiation of rhabdomes. Nevertheless, it seems necessary
to investigate the diversity of photoreception molecules, the
character of tissues and cells that expressed these molecules, in
skin, optic lobes, and brain, to build an understanding about
the evolution of photosensitive structures and phototransduction
function in the retina and in the extraocular photoreceptor
tissues. As it is described above, other genes involved in the
phototransduction cascade and/or signaling pathways must be
explored such as arrestin already identified in E. scolopes adult
eye (Tong et al., 2009).

ETHICS STATEMENT

We use cephalopod embryos before hatching. In this case,
according to the European law, our protocol is not in the
field of animal experiment and there is no need to obtain an
authorization from our local committee (MNHN Commitee
Cuvier N) which has been consulted. LB-P is a member of Cuvier
Commitee.

AUTHOR CONTRIBUTIONS

Conceived of project: LB-P; Designed experiments: LB-P, BI,
and AA; Executed experiments: BI and AA; Analyzed data: BI;
Phylogenetic analysis: PL; Edited manuscript: BI, LB-P, PL, AA
and YB.

FUNDING

This work was funded by MNHN-CNRS.

ACKNOWLEDGMENTS

The authors are deeply grateful to Basuyaux Olivier from
“Synergie MEr et Littoral” for providing us Sepia eggs. We thank
also Auxane Buresi for Sof-otx pictures (Figures 7LK,L) and
reviewer who has underlined the necessity to obtain section from
early stages.

Frontiers in Physiology | www.frontiersin.org

12

August 2017 | Volume 8 | Article 613


http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Imarazene et al.

Sepia officinalis Eye Development

REFERENCES

Allen, J. J, Mithger, L. M. Barbosa, A., and Hanlon, R. T. (2009).
Cuttlefish use visual cues to control three-dimensional skin papillae for
camouflage. J. Comp. Physiol. A 195, 547-555. doi: 10.1007/500359-009-
0430-y

Arendt, D., Tessmar, K., de Campos-Baptista, M. I. M., Dorresteijn, A., and
Wittbrodt, J. (2002). Development of pigment-cup eyes in the polychaete
Platynereis dumerilii and evolutionary conservation of larval eyes in Bilateria.
Development 129, 1143-1154.

Bassaglia, Y., Bekel, T., Da Silva, C., Poulain, J., Andouche, A., Navet, S., et al.
(2012). ESTs library from embryonic stages reveals tubulin and reflectin
diversity in Sepia officinalis (Mollusca—Cephalopoda). Gene 498, 203-211.
doi: 10.1016/j.gene.2012.01.100

Bellingham, J. A. M. E. S., Morris, A. G., and Hunt, D. M. (1998). The rhodopsin
gene of the cuttlefish Sepia officinalis: sequence and spectral tuning. J. Exp. Biol.
201, 2299-2306.

Bessa, J., Gebelein, B., Pichaud, F., Casares, F., and Mann, R. S. (2002).
Combinatorial control of Drosophila eye development by eyeless,
homothorax, and teashirt. Genes Dev. 16, 2415-2427. doi: 10.1101/gad.10
09002

Boletzky, S. V. (1989). Recent studies on spawning, embryonic development,
and hatching in the Cephalopoda. Adv. Mar. Biol. 25, 85-115.
doi: 10.1016/S0065-2881(08)60188-1

Boletzky, S. V. (2003). Biology of early life stages in cephalopod molluscs. Adv.
Mar. Biol. 44, 144-204. doi: 10.1016/S0065-2881(03)44003-0

Boletzky, S. V., Erlwein, B., and Hofmann, D. K. (2006). The Sepia egg: a showcase
of cephalopod embryology. Vie et Milieu 56, 191-201.

Boletzky, S. V., Andouche, A., and Bonnaud-Ponticelli, L. (2016). A developmental
table of embryogenesis in Sepia officinalis (Mollusca, Cephalopoda). Vie et
Milieu 66, 11-23.

Boyl, P. P., Signore, M., Annino, A., Barbera, J. P. M., Acampora, D., and Simeone,
A. (2001). Otx genes in the development and evolution of the vertebrate brain.
Int. ]. Dev. Neurosci. 19, 353-363. doi: 10.1016/S0736-5748(01)00003-X

Bozzano, A., Pankhurst, P. M., Moltschaniwskyj, N. A., and Villanueva,
R. (2009). Eye development in southern calamary, Sepioteuthis australis,
embryos and hatchlings. Mar. Biol. 156, 1359-1373. doi: 10.1007/s00227-009-
1177-2

Brodbeck, S., and Englert, C. (2004). Genetic determination of nephrogenesis:
the Pax/Eya/Six gene network. Pediatr. Nephrol. 19, 249-255.
doi: 10.1007/s00467-003-1374-z

Buresi, A., Andouche, A., Navet, S., Bassaglia, Y., Bonnaud-Ponticelli, L., and
Baratte, S. (2016). Nervous system development in cephalopods: how egg yolk-
richness modifies the topology of the mediolateral patterning system. Dev. Biol.
415, 143-156. doi: 10.1016/j.ydbio.2016.04.027

Buresi, A., Baratte, S., Da Silva, C., and Bonnaud, L. (2012). orthodenticle/otx
ortholog expression in the anterior brain and eyes of Sepia officinalis (Mollusca,
Cephalopoda). Gene Expr. Patterns 12, 109-116. doi: 10.1016/j.gep.2012.
02.001

Burri, M., Tromvoukis, Y., Bopp, D., Frigerio, G., and Noll, M. (1989).
Conservation of the paired domain in metazoans and its structure in three
isolated human genes. EMBO J. 8, 1183.

Case, N. M., Gray, E. G,, and Young, J. Z. (1972). Ultrastructure and synaptic
relations in the optic lobe of the brain of Eledone and Octopus. J. Ultrastruct.
Res. 39, 115-123. doi: 10.1016/S0022-5320(72)80012-1

Caubit, X., Thangarajah, R., Theil, T., Wirth, J., Nothwang, H. G., Riither,
U, et al. (1999). Mouse Dac, a novel nuclear factor with homology
to Drosophila dachshund shows a dynamic expression in the neural
crest, the eye, the neocortex, and the limb bud. Dev. Dyn. 214, 66-80.
doi: 10.1002/(SICI)1097-0177(199901)214:1<66::AID-DVDY7>3.0.CO;2-7

Charlton-Perkins, M., Whitaker, S. L. Fei, Y. Xie, B. Li-Kroeger,
D., Gebelein, B., et al. (2011). Prospero and Pax2 combinatorially

by modulating Ras-and Notch-

6:20.  doi:  10.1186/1749-81

control neural cell fate decisions
dependent Neural — Dev.
04-6-20

Chen, S, Wang, Q. L, Nie, Z, Sun, H, Lennon, G., Copeland, N. G,
et al. (1997). Crx, a novel Otx-like paired-homeodomain protein, binds to

signaling.

and transactivates photoreceptor cell-specific genes. Neuron 19, 1017-1030.
doi: 10.1016/S0896-6273(00)80394-3

Cheyette, B. N., Green, P. ], Martin, K, Garren, H. Hartenstein, V.,
and Zipursky, S. L. (1994). The Drosophila sine oculis locus encodes
a homeodomain-containing protein required for the development of the
entire visual system. Neuron 12, 977-996. doi: 10.1016/0896-6273(94)
90308-5

Chi, N., and Epstein, J. A. (2002).
proteins in development and disease.
doi: 10.1016/S0168-9525(01)02594-X

Christensen, K. L., Patrick, A. N., McCoy, E. L., and Ford, H. L. (2008). The six
family of homeobox genes in development and cancer. Adv. Cancer Res. 101,
93-126. doi: 10.1016/50065-230X(08)00405-3

Cloney, R. A, and Brocco, S. L. (1983). Chromatophore organs, reflector
cells, iridocytes and leucophores in cephalopods. Am. Zool. 23, 581-592.
doi: 10.1093/icb/23.3.581

Cobb, C. S, and Williamson, R. (1998). Electrophysiology of
extraocular photoreceptors in the squid Loligo forbesi (Cephalopoda:
Loliginidae). J. Moll. Stud. 64, 111-117. doi: 10.1093/mollus/
64.1.111

Czerny, T., Halder, G., Kloter, U., Souabni, A., Gehring, W. J., and Busslinger,
M. (1999). twin of eyeless, a second Pax-6 gene of Drosophila, acts
upstream of eyeless in the control of eye development. Mol. Cell 3, 297-307.
doi: 10.1016/S1097-2765(00)80457-8

Dong, Z., Yuwen, Y., Wang, Q., Chen, G., and Liu, D. (2012). Eight genes
expression patterns during visual system regeneration in Dugesia japonica.
Gene Expr. Patterns 12, 1-6. doi: 10.1016/j.gep.2011.08.001

Donner, A. L., and Maas, R. L. (2004). Conservation and non-conservation
of genetic pathways in eye specification. Int. J. Dev. Biol. 48, 743-753.
doi: 10.1387/ijdb.041877ad

Echelard, Y., Epstein, D. J., St-Jacques, B., Shen, L., Mohler, J., McMahon, J. A,
et al. (1993). Sonic hedgehog, a member of a family of putative signaling
molecules, is implicated in the regulation of CNS polarity. Cell 75, 1417-1430.
doi: 10.1016/0092-8674(93)90627-3

Gehring, W. J. (2002). The genetic control of eye development and its
implications for the evolution of the various eye-types. Int. J. Dev. Biol. 46,
65-73.

Gehring, W. J. (2005). New perspectives on eye development and the evolution
of eyes and photoreceptors. J. Hered. 96, 171-184. doi: 10.1093/jhered/
esi027

Gilbert, D. L., Adelman, W. J., and Arnold, J. M. (1990). Squid as Experimental
Animals. Springer Science and Business Media.

Grassé, P. P. (1989). Traité de Zoologie. Anatomie, Systematique, Biologie, Ed. Tome
5, fascicule 4, Cephalopodes. ed K. Mangold (Paris: Masson), 277-280.

Hammond, K. L., Hanson, I. M., Brown, A. G., Lettice, L. A., and Hill, R. E.
(1998). Mammalian and Drosophila dachshund genes are related to the Ski
proto-oncogene and are expressed in eye and limb. Mech. Dev. 74, 121-131.
doi: 10.1016/50925-4773(98)00071-9

Hargrave, P. A. (2001). Rhodopsin structure, function, and topography the
Friedenwald lecture. Invest. Ophthalmol. Vis. Sci. 42, 3-9.

Hartline, P. H., and Lange, G. D. (1974). Optic nerve responses to visual stimuli in
squid. J. Comp. Physiol. 93, 37-54. doi: 10.1007/BF00608758

Hartmann, B., Lee, P. N,, Kang, Y. Y., Tomarey, S., De Couet, H. G., and
Callaerts, P. (2003). Pax6 in the sepiolid squid Euprymna scolopes: evidence for
a role in eye, sensory organ and brain development. Mech. Dev. 120, 177-183.
doi: 10.1016/50925-4773(02)00456-2

Heanue, T. A., Reshef, R., Davis, R. J., Mardon, G., Oliver, G., Tomarey, S., et al.
(1999). Synergistic regulation of vertebrate muscle development by Dach2,
Eya2, and Six1, homologs of genes required for Drosophila eye formation. Genes
Dev. 13, 3231-3243. doi: 10.1101/gad.13.24.3231

Kamijyo, A., Yura, K, and Ogura, A. (2015). Distinct evolutionary
rate in the eye field transcription factors found by estimation of
ancestral protein structure. Geme 555, 73-79. doi: 10.1016/j.gene.2014.
10.003

Katoh, K., and Standley, D. M. (2013). MAFFT Multiple Sequence Alignment
Software Version 7: improvements in performance and usability. Mol. Biol.
Evol. 30, 772-780. doi: 10.1093/molbev/mst010

Getting your Pax straight: pax
Trends Genet. 18, 41-47.

Frontiers in Physiology | www.frontiersin.org

13

August 2017 | Volume 8 | Article 613


https://doi.org/10.1007/s00359-009-0430-y
https://doi.org/10.1016/j.gene.2012.01.100
https://doi.org/10.1101/gad.1009002
https://doi.org/10.1016/S0065-2881(08)60188-1
https://doi.org/10.1016/S0065-2881(03)44003-0
https://doi.org/10.1016/S0736-5748(01)00003-X
https://doi.org/10.1007/s00227-009-1177-2
https://doi.org/10.1007/s00467-003-1374-z
https://doi.org/10.1016/j.ydbio.2016.04.027
https://doi.org/10.1016/j.gep.2012.02.001
https://doi.org/10.1016/S0022-5320(72)80012-1
https://doi.org/10.1002/(SICI)1097-0177(199901)214:1<66::AID-DVDY7>3.0.CO;2-7
https://doi.org/10.1186/1749-8104-6-20
https://doi.org/10.1016/S0896-6273(00)80394-3
https://doi.org/10.1016/0896-6273(94)90308-5
https://doi.org/10.1016/S0168-9525(01)02594-X
https://doi.org/10.1016/S0065-230X(08)00405-3
https://doi.org/10.1093/icb/23.3.581
https://doi.org/10.1093/mollus/64.1.111
https://doi.org/10.1016/S1097-2765(00)80457-8
https://doi.org/10.1016/j.gep.2011.08.001
https://doi.org/10.1387/ijdb.041877ad
https://doi.org/10.1016/0092-8674(93)90627-3
https://doi.org/10.1093/jhered/esi027
https://doi.org/10.1016/S0925-4773(98)00071-9
https://doi.org/10.1007/BF00608758
https://doi.org/10.1016/S0925-4773(02)00456-2
https://doi.org/10.1101/gad.13.24.3231
https://doi.org/10.1016/j.gene.2014.10.003
https://doi.org/10.1093/molbev/mst010
http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Imarazene et al.

Sepia officinalis Eye Development

Kingston, A. C., Kuzirian, A. M., Hanlon, R. T., and Cronin, T. W. (2015a). Visual
phototransduction components in cephalopod chromatophores suggest dermal
photoreception. J. Exp. Biol. 218, 1596-1602. doi: 10.1242/jeb.117945

Kingston, A. C., Wardill, T. J., Hanlon, R. T., and Cronin, T. W. (2015b). An
unexpected diversity of photoreceptor classes in the longfin squid, Doryteuthis
pealeii. PLoS ONE 10:¢0135381. doi: 10.1371/journal.pone.0135381

Koenig, K. M., Sun, P., Meyer, E., and Gross, ]. M. (2016). Eye development
and photoreceptor differentiation in the cephalopod Doryteuthis pealeii.
Development 143, 3168-3181. doi: 10.1242/dev.134254

Kumar, J. P. (2009). The sine oculis homeobox (SIX) family of transcription factors
as regulators of development and disease. Cell. Mol. Life Sci. 66, 565-583.
doi: 10.1007/s00018-008-8335-4

Kumar, J. P., and Moses, K. (2001). Expression of evolutionarily conserved eye
specification genes during Drosophila embryogenesis. Dev. Genes Evol. 211,
406-414. doi: 10.1007/s004270100177

Land, M. F. (1988). The optics of animal eyes. Contemp. Phys. 29, 435-455.
doi: 10.1080/00107518808222601

Lemaire, J. (1971). Etude du Développement Embryonnaire de Sepia Officinalis
L. (Mollusque Cephalopode) (Doctoral dissertation). Univ. Sciences et
Techniques, Lille.

Lemaire, J., and Richard, A. (1978). Organogenesis of the eye of the cephalopod
Sepia officinalis. Bulletin de la Societe Zoologique de France-Evolution et
Zoologie, 103, 373.

Livesey, F. J., and Cepko, C. L. (2001). Vertebrate neural cell-fate determination:
lessons from the retina. Nat. Rev. Neurosci. 2, 109-118. doi: 10.1038/
35053522

Loosli, F., Kmita-Cunisse, M., and Gehring, W. J. (1996). Isolation of a Pax-6
homolog from the ribbonworm Lineus sanguineus. Proc. Natl. Acad. Sci. U.S.A.
93, 2658-2663. doi: 10.1073/pnas.93.7.2658

Loosli, F., Mardon, G., and Wittbrodt, J. (2002). Cloning and expression of
medaka Dachshund. Mech. Dev. 112, 203-206. doi: 10.1016/S0925-4773(01)
00649-9

Loosli, F., Winkler, S., and Wittbrodt, J. (1999). Six3 overexpression initiates the
formation of ectopic retina. Genes Dev. 13, 649-654. doi: 10.1101/gad.13.6.649

Lopes, C. S., and Casares, F. (2009). hth maintains the pool of eye progenitors
and its downregulation by Dpp and Hh couples retinal fate acquisition
with cell cycle exit. Dev. Biol. 339, 78-88. doi: 10.1016/j.ydbio.2009.
12.020

Marthy, H. J. (1973). An experimental study of eye development in the cephalopod
Loligo vulgaris: determination and regulation during formation of the primary
optic vesicle. Development 29, 347-361.

Martin-Durdn, J. M., Monjo, F., and Romero, R. (2012). Morphological
and molecular development of the eyes during embryogenesis of the
freshwater planarian Schmidtea polychroa. Dev. Genes Evol. 222, 45-54.
doi: 10.1007/s00427-012-0389-5

Messenger, J. B. (1981). “Comparative physiology of vision in molluscs,” in
Handbook of Sensory Physiology, Vol. VII/6C. ed. H. Autrum (Berlin;
Heidelberg; New York, NY: Springer), 93-200.

Naef, A. (1928). Die Cephalopoden (Embryologie). Fauna Flora Golf Neapel 35,
1-357.

Navet, S., Andouche, A., Baratte, S., and Bonnaud, L. (2009). Shh and Pax6
have unconventional expression patterns in embryonic morphogenesis
in Sepia officinalis (Cephalopoda). Gene Expr. Patterns 9, 461-467.
doi: 10.1016/j.gep.2009.08.001

Navet, S., Buresi, A., Baratte, S., Andouche, A., Bonnaud-Ponticelli, L., and
Bassaglia, Y. (2017). The Pax gene family: highlights from cephalopods. PLoS
ONE 12:e0172719. doi: 10.1371/journal.pone.0172719

Noll, M. (1993). Evolution and role of Pax genes. Curr. Opin. Genet. Dev. 3,
595-605. doi: 10.1016/0959-437X(93)90095-7

Ogura, A., Yoshida, M. A., Moritaki, T., Okuda, Y., Sese, J., Shimizu, K.
K., et al. (2013). Loss of the six3/6 controlling pathways might have
resulted in pinhole-eye evolution in Nautilus. Sci. Rep. 3:1432. doi: 10.1038/
srep01432

Oliver, G., Mailhos, A., Wehr, R., Copeland, N. G., Jenkins, N. A., and Gruss,
P. (1995). Six3, a murine homologue of the sine oculis gene, demarcates the
most anterior border of the developing neural plate and is expressed during eye
development. Development 121, 4045-4055.

Passamaneck, Y. J., Furchheim, N., Hejnol, A., Martindale, M. Q., and Liiter,
C. (2011). Ciliary photoreceptors in the cerebral eyes of a protostome larva.
Evodevo 2:1. doi: 10.1186/2041-9139-2-6

Peng, H. W, Slattery, M., and Mann, R. S. (2009). Transcription factor choice in the
Hippo signaling pathway: homothorax and yorkie regulation of the microRNA
bantam in the progenitor domain of the Drosophila eye imaginal disc. Genes
Dev. 23, 2307-2319. doi: 10.1101/gad.1820009

Peyer, S. M., Pankey, M. S., Oakley, T. H., and McFall-Ngai, M. J. (2014). Eye-
specification genes in the bacterial light organ of the bobtail squid Euprymna
scolopes, and their expression in response to symbiont cues. Mech. Dev. 131,
111-126. doi: 10.1016/j.mod.2013.09.004

Pichaud, F., and Desplan, C. (2002). Pax genes and eye organogenesis. Curr. Opin.
Genet. Dev. 12, 430-434. doi: 10.1016/S0959-437X(02)00321-0

Porter, M. L., Blasic, J. R, Bok, M. J., Cameron, E. G., Pringle, T., Cronin, T. W.,
etal. (2011). Shedding new light on opsin evolution. R. Soc. Proc. R. Soc. B Biol.
Sci. 279, 3-14. doi: 10.1098/rspb.2011.1819

Randel, N., Bezares-Calderén, L. A., Githmann, M., Shahidi, R., and Jékely,
G. (2013). Expression dynamics and protein localization of rhabdomeric
opsins in Platynereis larvae. Integr. Comp. Biol. 53, 7-16. doi: 10.1093/icb/
ict046

Rodgers, H. M., Belcastro, M., Sokolov, M., and Mathers, P. H. (2016). Embryonic
markers of cone differentiation. Mol. Vis. 22, 1455-1467.

Romagny, S., Darmaillacq, A. S., Guibé, M., Bellanger, C., and Dickel, L. (2012).
Feel, smell and see in an egg: emergence of perception and learning in an
immature invertebrate, the cuttlefish embryo. J. Exp. Biol. 215, 4125-4130.
doi: 10.1242/jeb.078295

Stierwald, M., Yanze, N., Bamert, R. P., Kammermeier, L., and Schmid, V.
(2004). The Sine oculis/Six class family of homeobox genes in jellyfish with
and without eyes: development and eye regeneration. Dev. Biol. 274, 70-81.
doi: 10.1016/j.ydbio.2004.06.018

Tomarey, S. L, Callaerts, P., Kos, L., Zinovieva, R., Halder, G., Gehring, W., et al.
(1997). Squid Pax-6 and eye development. Proc. Natl. Acad. Sci. U.S.A. 94,
2421-2426. doi: 10.1073/pnas.94.6.2421

Tong, D., Rozas, N. S., Oakley, T. H., Mitchell, J., Colley, N. J., and McFall-Ngai, M.
J. (2009). Evidence for light perception in a bioluminescent organ. Proc. Natl.
Acad. Sci. U.S.A. 106, 9836-9841. doi: 10.1073/pnas.0904571106

Umesono, Y., Watanabe, K., and Agata, K. (1999). Distinct structural domains
in the planarian brain defined by the expression of evolutionarily conserved
homeobox genes. Dev. Genes Evol. 209, 31-39. doi: 10.1007/s004270050224

Viczian, A. S., Vignali, R., Zuber, M. E., Barsacchi, G., and Harris, W. A. (2003).
XOtx5b and XOtx2 regulate photoreceptor and bipolar fates in the Xenopus
retina. Development 130, 1281-1294. doi: 10.1242/dev.00343

Vécking, O., Kourtesis, I., and Hausen, H. (2015). Posterior eyespots in larval
chitons have a molecular identity similar to anterior cerebral eyes in other
bilaterians. Evodevo 6:40. doi: 10.1186/s13227-015-0036-0

Vopalensky, P., and Kozmik, Z. (2009). Eye evolution: common use and
independent recruitment of genetic components. Philos. Trans. R. Soc. B Biol.
Sci. 364, 2819-2832. doi: 10.1098/rstb.2009.0079

West, J. A., Sivak, J. G., and Doughty, M. J. (1995). Microscopical evaluation of the
crystalline lens of the squid (Loligo opalescens) during embryonic development.
Exp. Eye Res. 60, 19-35. doi: 10.1016/50014-4835(05)80080-6

Xu, P. X, Woo, I, Her, H., Beier, D. R., and Maas, R. L. (1997). Mouse Eya
homologues of the Drosophila eyes absent gene require Pax6 for expression in
lens and nasal placode. Development 124, 219-231.

Xu, Z. P, and Saunders, G. F. (1997). Transcriptional regulation of
the human PAX6 gene promoter. J. Biol. Chem. 272, 3430-3436.
doi: 10.1074/jbc.272.6.3430

Yamamoto, M. (1985). Ontogeny of the visual system in the cuttlefish, Sepiella
japonica. 1. Morphological differentiation of the visual cell. J. Comp. Neurol.
232, 347-361. doi: 10.1002/cne.902320307

Yamamoto, M., Takasu, N., and Uragami, I. (1985). Ontogeny of the visual
system in the cuttlefish, Sepiella japonica. II. Intramembrane particles,
histofluorescence, and electrical responses in the developing retina. J. Comp.
Neurol. 232, 362-371. doi: 10.1002/cne.902320308

Yoshida, M. A., Ogura, A., Ikeo, K., Shigeno, S., Moritaki, T., Winters, G.
C., et al. (2015). Molecular evidence for convergence and parallelism
in evolution of complex brains of cephalopod molluscs: insights from

Frontiers in Physiology | www.frontiersin.org

14

August 2017 | Volume 8 | Article 613


https://doi.org/10.1242/jeb.117945
https://doi.org/10.1371/journal.pone.0135381
https://doi.org/10.1242/dev.134254
https://doi.org/10.1007/s00018-008-8335-4
https://doi.org/10.1007/s004270100177
https://doi.org/10.1080/00107518808222601
https://doi.org/10.1038/35053522
https://doi.org/10.1073/pnas.93.7.2658
https://doi.org/10.1016/S0925-4773(01)00649-9
https://doi.org/10.1101/gad.13.6.649
https://doi.org/10.1016/j.ydbio.2009.12.020
https://doi.org/10.1007/s00427-012-0389-5
https://doi.org/10.1016/j.gep.2009.08.001
https://doi.org/10.1371/journal.pone.0172719
https://doi.org/10.1016/0959-437X(93)90095-7
https://doi.org/10.1038/srep01432
https://doi.org/10.1186/2041-9139-2-6
https://doi.org/10.1101/gad.1820009
https://doi.org/10.1016/j.mod.2013.09.004
https://doi.org/10.1016/S0959-437X(02)00321-0
https://doi.org/10.1098/rspb.2011.1819
https://doi.org/10.1093/icb/ict046
https://doi.org/10.1242/jeb.078295
https://doi.org/10.1016/j.ydbio.2004.06.018
https://doi.org/10.1073/pnas.94.6.2421
https://doi.org/10.1073/pnas.0904571106
https://doi.org/10.1007/s004270050224
https://doi.org/10.1242/dev.00343
https://doi.org/10.1186/s13227-015-0036-0
https://doi.org/10.1098/rstb.2009.0079
https://doi.org/10.1016/S0014-4835(05)80080-6
https://doi.org/10.1074/jbc.272.6.3430
https://doi.org/10.1002/cne.902320307
https://doi.org/10.1002/cne.902320308
http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Imarazene et al.

Sepia officinalis Eye Development

visual systems. Integ. Comp. Biol. 55, 1070-1083. doi: 10.1093/icb/
icv049

Yoshida, M. A., Yura, K., and Ogura, A. (2014). Cephalopod eye evolution was
modulated by the acquisition of Pax-6 splicing variants. Sci. Rep. 4:4256.
doi: 10.1038/srep04256

Young, J. Z. (1962). The optic lobes of Octopus vulgaris. Philos. Trans. R. Soc. Lond.
B Biol. Sci. 245, 19-58. doi: 10.1098/rstb.1962.0005

Young, J. Z. (1971). Anatomy of the Nervous System of Octopus vulgaris. Oxford:
Clarendon Press.

Young, J. Z. (1974). The central nervous system of Loligo, I. The optic lobe. Philos.
Trans. R. Soc. Lond. B Biol. Sci. 267, 263-302. doi: 10.1098/rstb.1974.0002

Zuber, M. E., Perron, M., Philpott, A., Bang, A., and Harris, W. A. (1999).
Giant eyes in Xenopus laevis by overexpression of XOptx2. Cell 98, 341-352.

doi: 10.1016/S0092-8674(00)81963-7

Zullo, L., and Hochner, B. (2011). A new perspective on the organization of an
invertebrate brain. Commun. Integr. Biol. 4, 26-29. doi: 10.4161/cib.13804

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Imarazene, Andouche, Bassaglia, Lopez and Bonnaud-Ponticelli.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Physiology | www.frontiersin.org

15

August 2017 | Volume 8 | Article 613


https://doi.org/10.1093/icb/icv049
https://doi.org/10.1038/srep04256
https://doi.org/10.1098/rstb.1962.0005
https://doi.org/10.1098/rstb.1974.0002
https://doi.org/10.1016/S0092-8674(00)81963-7
https://doi.org/10.4161/cib.13804
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

	Eye Development in Sepia officinalis Embryo: What the Uncommon Gene Expression Profiles Tell Us about Eye Evolution
	Introduction
	Materials and Methods
	Collection, S. officinalis Eggs Incubation, and Staging
	Phylogenetic Analysis, Characterization, and Sequencing of S. officinalis Genes
	In situ Hybridization
	Whole-Mount In situ Hybridization

	Cryo-Sections In situ Hybridization
	Microscopy Observation and Image Processing

	Results
	Eye Development and Retina Differentiation
	Phylogenetic Analyses of the Sof-six1/2, Sof-eya, Sof-dac, and Sof-rhodopsin ESTs
	Sof-otx, Sof-six1/2 and Sof-eya Expressions in the Developing Eyes of Sepia officinalis
	Sof-dac Expression during Organogenesis
	Sof-rhodopsin Expression in the Differentiating Retina


	Discussion
	Eye Specification Gene Expression in S. officinalis Embryo
	Sof-rhodopsin Expression in the Differentiating Rhabdomeric Photoreceptors

	Conclusion
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


