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Editorial on the Research Topic
Vision in Cephalopods: Part II

Coleoid cephalopods are much like fish, with single chambered eyes, large visual brain areas, and
complex behaviors, but they have evolved independently, and their locomotion—inspiration to the
field of soft robotics (Calisti et al., 2011; Kim et al., 2013), adaptive coloration, and polarization
vision are quite unlike those of vertebrates (Hochner et al., 2006; Hanlon and Messenger, 2018).
What then do these fascinating molluscs, often said to be intelligent, reveal about chance and
necessity in the evolution of brains and behavior?

Our 2018 Frontiers in Physiology Research Topic “Vision in cephalopods” (https://
www.frontiersin.org/research-topics/4856/vision-in-cephalopods) showed that cephalopod vision
research is a small but flourishing field. The present collection of eight research articles and
one review demonstrates the strength and significance of the field, encompassing subjects such
as phototransduction (Bonade et al.), psychophysics of polarization vision (Nahmad-Rohen and
Vorobyev), visual development (Groeger et al.) and two of the most distinctive cephalopod
behaviors—prey capture (Wu et al.; Brauckhoft et al.) and adaptive coloration (Hadjisolomou et al.).
Cephalopods are best known in neuroscience for the squid giant axon and octopus cognition, but
the present collection finds cuttlefish of the genus Sepia as the subject of all but two on Octopus and
one on a squid.

Most cephalopods are color blind (but c.f. Stubbs and Stubbs, 2016), but polarization vision
might substitute color vision (Pignatelli et al., 2011), allowing them to judge surface properties,
and to mitigate the effects of scatter in turbid water. However, whereas most animals process color
and luminance in separate visual pathways, Nahmad-Rohen and Vorobyev find that octopus use
the same system for polarization, and luminance. Polarization patterns—which are invisible to the
human eye—feature in the repertoire of visual cephalopod communication signals. Here, Lopez
Galan et al. highlight the richness of these signals, and the dynamics in courtship displays of the
cuttlefish Sepia plangon, which has 57 body pattern components deployed in 18 body patterns.
Many of these patterns are displayed only briefly, and an attempt to test these small cuttlefish
with 3D printed models of conspecifics failed because the models lacked the dynamics of the
visual signals. It would be interesting to know how far learning and motor skill play a part in
the function of these elaborate visual signals as they do in bird song (Marler, 1990). Dynamic
patterns are possible because cephalopods’ color change is mediated by chromatophores, which are
directly innervated by motoneurons (Messenger, 2001), allowing rapid change and the production
of moving patterns known as passing cloud displays. Here Hadjisolomou et al. show that individual
chromatophores of the squid Doryteuthis pealeii can respond to a flash with a mean latency of only
50 ms. Visual movement is also important in prey capture when both prey and predator move,
and Wu et al. find that the cuttlefish Sepia pharaonis can extract the speed and direction from
their moving prey to track prey and to select the visual hunting strategy most appropriate for the
specific situation.
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Turning to visual ecology, Goerger et al. investigate how
turbidity affects visual development of the cuttlefish Sepia
officinalis; surprisingly a low level of turbidity during larval
development improves polarization sensitivity. Cephalopods also
have to cope with changes in ambient luminance. The common
octopus Octopus vulgaris can adapt to sudden changes in
luminance with a rapid pupillary response (Soto et al.). With the
characterization of the dynamics of the pupil of Octopus vulgaris,
our understanding of vision in this cephalopod species, that
is/has been widely used in visual (discrimination) experiments,
was advanced (for review see Hanke and Kelber). While a
mobile pupil can be of advantage in an inhomogeneous light
environment, ambient luminance also changes with a daily cycle.
Although some cephalopod species are active during the day,
Brauckhoft et al. show that the cuttlefish can hunt in dim light
conditions but not in complete darkness.

Where next? In the 1930%, Young (1938) already
highlighted the potential of Octopus for neuroscience
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leading to wonderful anatomical work, behavioral studies,
and began investigations of the squid giant axon, but
nevertheless research on “simple” nervous systems mostly
focused on insects and gastropod molluscs. Modern
physiological methods offer the potential for recording from
cephalopod brain to understand the visual motor control
circuitry, learning and more. We are unlikely to attract
the support offered to key model organisms or for clinical
applications, but, as Young already realized, cephalopods
offer unique insight into principles of sensory-motor control,
cognition and evolutionary neuroscience that are of the
widest significance.
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The Eye of the Common Octopus
(Octopus vulgaris)

Frederike D. Hanke*" and Almut Kelber

Lund Vision Group, Department of Biology, Lund University, Lund, Sweden

Octopus vulgaris, well-known from temperate waters of the Mediterranean Sea and a well-
cited model species among the cephalopods, has large eyes with which it scans its
environment actively and which allow the organism to discriminate objects easily. On cursory
examination, the single-chambered eyes of octopus with their spherical lenses resemble
vertebrate eyes. However there are also apparent differences. For example, the retina of the
octopus is everted instead of inverted, and it is equipped with primary rhabdomeric
photoreceptors rather than secondary ciliary variety found in the retina of the vertebrate eye.
The eyes of octopus are well adapted to the habitat and lifestyle of the species; the pupil
closes quickly as a response to sudden light stimuli mimicking a situation in which the octopus
leaves its den in shallow water during daytime. Although the many general anatomical and
physiological features of octopus vision have been described elsewhere, our review reveals
that a lot of information is still missing. Investigations that remain to be undertaken include
a detailed examination of the dioptric apparatus or the visual functions such as brightness
discrimination as well as a conclusive test for a faculty analogous to, or in lieu of, color vision.
For a better understanding of the octopus eye and the functions mediated by it, we suggest
that future studies focus on knowledge gaps that we outline in the present review.

Keywords: vision, cephalopods, octopoda, visual function, optics

INTRODUCTION

If you have ever encountered an octopus, the way the animal looks at you is striking; you feel
as if you are being scanned. The eyes are one of the prominent characteristics of the octopus
but also of cephalopods in general. Already from outside, the eyes appear to be special. They
are usually rather large with a diameter of approximately 20 mm (see section “Eye Size and
Ocular Dimensions”), and their pupils often have conspicuous shapes (see Figure 1 and, for
example, photos in Douglas, 2018). If one takes a closer look at eye morphology, the coleoid
cephalopod eyes attract attention, as parallels can be drawn between the design of the camera
type eyes of these molluscs and the design of vertebrate eyes, particularly those of fish (von
Lenhossék, 1894; Packard, 1972). At the neuronal level, large parts of the cephalopod brain
are dedicated to the processing of visual information as indicated by the size of their optic
lobes (Young, 1960, 1971; Wells, 1966a; Maddock and Young, 1987).

In numerous studies on the eyes of many of the approximately 800 known species of cephalopods
(Jereb and Roper, 2005, 2010; Jereb et al., 2014), we have learned a lot about specialized eye
designs, for example, the pinhole eye of Nautilus (Hensen, 1865; Griffin, 1900; Wiley, 1902;
Merton, 1905; Hurley et al, 1978; Muntz and Ray, 1984; Muntz, 1991; Barber, 2010), the
asymmetrical eyes of Histioteuthis (Denton and Warren, 1968; Young, 1975; Wentworth and
Muntz, 1989; Thomas et al, 2017) and the largest eyes on Earth, found in Architeuthis and
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Octopus Eye

FIGURE 1 | Pupil of Octopus vulgaris. (A) Constricted horizontal slit pupil in bright light, (B) intermediate pupil size, and (C) fully dilated pupil in dim light conditions.

Mesonychoteuthis (Nilsson et al., 2012), just to mention a few
examples. In addition to reports regarding peculiar eye designs,
researchers have worked on many aspects of the visual system
in more common cephalopod genera such as Octopus, Eledone,
Sepia, and Loligo. Young (1962a) pointed out basic similarities
among the eyes of these genera, but at the same time, mentioned
important differences between them. Because of these apparent
differences, neither generalizing conclusions from one species
to another, nor combining data from different species to derive
overarching conclusions should be the method of choice.

This review aims to summarize the present knowledge regarding
the eye and vision of a well-studied cephalopod, the common
octopus, Octopus vulgaris. Thus, when we are referring to octopus
in the text, data collected with Octopus vulgaris are considered;
if data from other cephalopod species are included for comparison,
the species name is indicated. We set out to collect information
on vision in the common octopus as it is a prominent model
species among cephalopods and has probably been the most-
studied cephalopod species for more than 150 years. Especially
in the mid-20th century, many studies were designed to unravel
the discriminatory and cognitive abilities of this species using
behavioral tests with visual stimuli (for example, see work by
Boycott, Mackintosh, Messenger, Sutherland, Wells, and Young
such as Boycott and Young, 1956; Young, 1956; Sutherland, 1957;
Wells, 1960; Mackintosh, 1963; Messenger, 1968a). However, our
understanding of vision in octopus is still patchy and has never
been summarized specifically for this species. After a short,
general introduction to Octopus vulgaris in general, it is the
aim of the current review to gather, to the best of our knowledge,
all information available on the eye of the common octopus.
The collection of references can then form the basis for future
investigations of vision and the visual faculties of this species.
Accordingly, we will mention such future avenues in the text.

GENERAL INTRODUCTION TO
OCTOPUS VULGARIS

Octopus vulgaris, first described by Cuvier in 1797, belongs to
the family Octopodidae encompassing more than 200 species.
The genus Octopus constitutes a “catchall” genus (Jereb et al,
2014) for all species that possess two rows of suckers on the
eight arms and an ink sac. The distribution of Octopus vulgaris

sensu stricto (Jereb et al., 2014) covers the Mediterranean Sea,
as well as the central and north-east Atlantic Ocean. The common
octopus is said to be nocturnal (Woods, 1965; Altman, 1966;
Kayes, 1974; Jereb et al,, 2014), but it has been seen to shift
its activity phase, for example in the presence of prey or predators
(Meisel et al., 2013), and thus some studies report crepuscular
or even diurnal activity (Mather, 1988; Meisel et al., 2003, 2006).
In the presence of one of its many predators (Sanchez et al,
2015), the soft-shelled octopus either hides in dens, camouflages
to the background with the help of a sophisticated system of
pigment-filled chromatophores, electron-dense leucophores, and
reflecting iridophores, or exhibits distinct behavioral displays
(Packard and Sanders, 1971). The dens are inhabited only
temporarily for a couple of days or weeks (Kayes, 1974; Mather
and O’Dor, 1991). Octopus uses natural crevices or holes as
hiding places or accumulates rocks and shells to build its own
den. As a bottom feeder, foraging often seems to be tactile
(Jereb et al., 2014), involving exploration of the surroundings
with its arms, in search for crustaceans, fish, shelled molluscs
or polychaetes (Mather, 1991; Boyle and Rodhouse, 2005; Mather
et al., 2012; Sanchez et al., 2015). In addition, visual and chemical
cues are most likely used to find prey (Boyle and Rodhouse,
2005). Octopus vulgaris is solitary, and the sexes only meet
during mating (Hanlon and Messenger, 2018) when the male
transfers spermatophore packages with its heterocotylus, an
enlarged sucker on one of the arms, into the mantle cavity and
oviduct of the female. At the end of the life cycle, the female
lays 100,000-500,000 eggs bound together and glued to the
ceiling of a den or to a rock. The female stays with the eggs
for the duration of development, which can last up to 5 months,
continuously caring for and defending the eggs. The female
octopus does not feed during this period, digesting its own
musculature in this last phase of its life (Jereb et al., 2014;
Hanlon and Messenger, 2018). As a consequence, the female
dies shortly after the eggs hatch. The 1-2 mm sized transparent
hatchlings, called paralarvae, undergo a planktonic phase mostly
in shallow (ie., pelagic) waters that can last weeks to months
before they settle on the sediment. The subsequent adult life
stage can last up to 2 years during which octopus adopts a
general benthic lifestyle but is still commonly found in pelagic
waters. Specimens of Octopus vulgaris can reach a mantle length
of up to 250 mm, a total length of over 1 m, and a body
weight of more than 2 kg (Jereb et al, 2014).
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Reader interested in the biology of cephalopods, including
Octopus vulgaris, are referred to Hanlon and Messenger
(2018), or to Jereb et al. (Jereb and Roper, 2005, 2010;
Jereb et al., 2014, 2015).

EYE SIZE AND OCULAR DIMENSIONS

Often, the eye of Octopus vulgaris (Figure 2) is described as
large. In several studies, external eye dimensions are given.
Beer (1897) measured an eye length (most likely axial eye
length) of 17 mm in an octopus individual weighing 607 g.
Additionally, Hanlon and Messenger (2018) documented an
eye diameter of 20 mm in an individual weighing 205 g. Both
values are within the range of eye diameters of 15-20 mm
given by Frohlich (1914a) for Eledone moschata, Octopus
macropus, and Octopus vulgaris. According to Packard (1969),
a really large octopus can have an eye with a diameter larger
than 20 mm; however ‘really large’ is not further specified by
this author. For comparison, the eyes of humans are, on average,

10 mm

FIGURE 2 | Schematic of the eye of Octopus vulgaris (longitudinal vertical
section). Light falling on the eye of octopus first hits the cornea (C). Beyond
the comnea, the light passes the anterior chamber and the pigmented mobile
iris (IR) before it is refracted by the spherical lens. The lens, composed of an
anterior (AL) and a posterior part (PL) separated by a septum (S), is
suspended by the ciliary body (CB). Finally, the light hits the everted retina (R)
in the back of the eye. A detailed description of the ocular structures is given
in the text. The figure was adapted from frozen sections of an octopus eye
and from Figure 1 in Budelmann (1994) and Figure 5 in (Wells, 1966b)
displaying an eye of Octopus spec. Scale 10 mm.

24 mm in diameter (Augusteyn et al, 2012). Given that adult
humans weigh far more than an octopus, the octopus indeed
has a large eye relative to body size/mass. The octopus eye is
large even when compared to a nocturnal bird such as the
tawny owl (Strix aluco), which weighs 400-800 g, and has an
eye diameter of 23-29 mm (Brooke et al, 1999).

Beside external eye dimensions, no information on internal
parameters such as ocular dimensions, radii of curvature,
refractive indices or absorption coefficients of ocular media
is available for octopus. These data would be required in order
to develop detailed and informative optical models of the eye
of octopus to further increase our understanding of how and
what the octopus sees.

VISUAL FIELDS AND EYE MOVEMENTS

The eyes of octopus are placed laterally and can be moved
independently, with the eye axes occasionally deviating by up
to 180 degrees (Heidermanns, 1928). To date, no measurements
of visual field size are available for this species. From the eye
placement of octopus, one could assume that octopus possesses
a small binocular visual field, to the front and possibly to the
back; however, Budelmann et al. (1997) dispute the existence
of a binocular field in octopods. In any case, octopus certainly
has large monocular visual fields, the space in which objects
can be seen with one eye. This is consistent with the animals
watching or tracking objects preferable with one eye
(Heidermanns, 1928; Muntz, 1963; Byrne et al., 2002, 2004).
The size of the monocular visual field is likely similar to that
of Sepia officinalis. Model calculations in Sepia revealed that
the visual field is limited by pupil size and that it is much
smaller (Schaeffel et al., 1989) than the 177 degrees estimated
by Messenger (1968b) for the horizontal plane.

The octopus can modify the space it can oversee by
retracting and bulging out its eyes, or by rotational eye
movements. The rotational eye movements that can turn
the eye up to 80 degrees sideways in either direction
(Budelmann and Young, 1984) are mediated by four oblique
muscles that pass halfway around the eyeball. In total, each
octopus eye has seven extra-ocular muscles, each innervated
by a separate nerve (Glockauer, 1915; Budelmann and Young,
1984). In contrast, decapod cephalopods have up to 14 eye muscles
that are innervated by only four nerves (Glockauer, 1915;
Budelmann and Young, 1993).

Octopus also shows reflexive eye movements. When stimulated
by a large field vertical grating rotating on an optokinetic
drum, the animals perform compensatory eye, head, and body
movements (Packard, 1969).

Future studies of the visual fields of octopus are highly
desirable, particularly those that provide measurements of the
putative binocular visual field and evaluate its implications for
binocular depth perception, the monocular visual field, and
the dynamic visual field, taking eye movements into account.
Regarding eye movements, it remains to be determined whether
the octopus can also turn its eyes upwards and downwards,
and if so, to what degree.
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EYE LID AND CORNEA

As is likely the case with all octopods, octopus possesses a
ring-shaped muscular skin fold or bulge around the eye that
can close in a manner comparable to an eye lid (von Lenhossék,
1894; Magnus, 1902). This eye lid-like structure closes over a
cornea (Figure 2) which is hardly visible in the living octopus.
This cornea has also been referred to as pseudo-cornea (Schobl,
1877) or pseudo-corneal fold (Amoore et al., 1959). According
to previous studies (Beer, 1897; Magnus, 1902), which are
supported by our own observations, the cornea is not a component
of the eye, meaning that the cornea cannot be extracted together
with the underlying ocular structures. Moreover, it has a dorsal
opening which brings the anterior chamber — the compartment
between cornea and lens — in contact with the surrounding
sea water (Amoore et al, 1959; Wells, 1966b); although this
finding is not undisputed. As expected, the fluid within the
anterior chamber has the same sodium concentration as seawater,
however the potassium concentration has been found to be higher
(Amoore et al., 1959).

A detailed analysis of the cornea is required to determine
the functional role of the cornea in the eye of the octopus.
Interesting insight in this often neglected structure could also
be obtained by studying the histological fine structure of the
cornea or its development during ontogeny.

PUPIL AND IRIS

One of the most prominent features of the octopus eye is its
pupil (Figure 1). The cephalopod pupil is mobile, in contrast
to the pupil of fishes, excluding the elasmobranchs (Douglas,
2018). The pupil of octopus is circular in darkness (Figure 1C),
while in bright light, it constricts to a horizontal slit (Figures 1A,B)
corresponding to the orientation of the central stripe of increased
photoreceptor density on the retina (Muntz, 1977; and see section
“Retina and Visual Function”). Compared to other cephalopods
that can have U- or W-shaped pupils (e.g., cuttlefish), a slit-
shaped pupil is a rather simple pupil design (Douglas, 2018).

In general, the octopus pupil adapts the eye to changes in
ambient light. The advantage of the pupillary reaction is that
it is faster than the alternative adaptation mechanisms which,
in octopus, are pigment migration and the contraction/
enlargement of the photoreceptors (Babuchin, 1864; Young,
1963). Pupil dynamics were recently examined in an octopus
by Soto (2018). The individual studied, with a mantle length
of approximately 6.5 cm, had a pupil area of 33 mm* when
the pupil was fully dilated. Pupil area decreased to approximately
4 mm?, or 12% of the dark-adapted pupil area, when the eye
was exposed to bright light. Constriction of the octopus pupil
was thus similar to or a little weaker than in other cephalopod
species (Douglas et al., 2005; Bozzano et al., 2009; Matsui et al.,
2016) such as Sepia officinalis or Eledone cirrhosa that constrict
their pupils to 3% of the maximal area (Douglas et al., 2005).
It took the octopus pupil 0.5-1.3 s to reach half maximum
constriction defined as the t5, value. Most other cephalopod
pupils examined so far also constricted quickly upon light

exposure with ts values ranging from 0.3 to 3 s (Douglas
et al., 2005; McCormick and Cohen, 2012; Matsui et al., 2016).
Thus, these pupils are adapted to fast light changes also occurring
in the habitat of octopus, for instance when they are leaving
the den in shallow water during daytime hours. In contrast,
pupil constriction took 90 s in Nautilus pompilius (Hurley et al.,
1978), a species that is most likely not experiencing drastic
variations in ambient light in its habitat. The same probably
holds true for Japetella diaphana, a deep sea octopus, whose
pupil takes approximately 6 s to constrict (Douglas, 2018). In
addition, the range of light intensities to which the pupil of
Octopus vulgaris reacts with intermediate pupil sizes is narrow
(Hess, 1905; Soto, 2018); the pupil already fully constricts in
response to a luminance of approx. 20 cd/m?

Axial light has a stronger effect on pupillary dilation than
light from above (Soto, 2018), as described generally for
cephalopods by Hess (1909, 1910) or McCormick and Cohen
(2012). This “shadow effect” of the pupil for light from above
might result in a more constant intensity of the retinal image
than the illumination in the natural environment, in which
most light is coming from above; this effect has so far only
been described for Sepia officinalis (Mithger et al.,, 2013).

Pupil dilation seems highly variable and individual (Magnus,
1902), and is also affected by factors other than ambient
illumination (Weel and Thore, 1936). Octopus might constrict
its pupil to camouflage the eye, allowing the animal to blend
into the substrate, and the dilated pupil could serve as intra-
specific deimatic signal, making the animal appear larger and
more threatening to potential predators (Douglas, 2018).

Octopus does not show a consensual pupil response (Magnus,
1902; Weel and Thore, 1936). If only one eye is illuminated,
only the pupil of this eye constricts, not the pupil of the
non-illuminated eye. A non-consensual pupil response is adaptive
in a species that has laterally placed eyes and watches objects
predominantly with one eye (Heidermanns, 1928; Muntz, 1963;
Byrne et al., 2002, 2004).

The octopus usually keeps the pupil horizontal, a reaction
mediated by the statocysts that are required for the animal
to maintain proper body and eye orientation (Boycott, 1960;
Wells, 1960; Boycott et al., 1965). Only if the pupil is horizontal,
and thus the orientation of the retinal receptors is fixed relative
to the external world (see section “Retina and Visual Function”),
the octopus is able to discriminate stimuli differing in orientation
(Boycott and Young, 1956; Sutherland, 1957, 1963a; Wells, 1960;
Young, 1960). This suggests that visual and proprioceptive input
is not integrated in the brain.

The octopus pupil is bounded by the iris. According to Hess
(1909), the cephalopod iris is not a structure of the inner eye
but instead lies in form of a lobe in front/on top of the posterior
chamber (Figure 2). The iris consists of five cell layers (Froesch,
1973): the external epithelium, a chromatophore and iridocyte
layer, a layer of muscles and collagen strands, and the pigment
epithelium. The chromatophores and the pigment epithelium
absorb, while the iridophores reflect light, thereby changing
the appearance of the eye, for instance when a threatened
animal displays the dark eye bar over the eyes (Packard and
Sanders, 1971). The muscles found in the iris are most likely
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sphincters, however, Froesch (1973) was unable to distinguish
between sphincter and dilator. Brain regions and nerves involved
in the pupillary reaction were described by Magnus (1902) as
well as Weel and Thore (1936).

Soto (2018) described the pupillary reactions of only one
octopus individual. It would be interesting to analyze more
individuals to assess whether the data already obtained are
representative for the species; in this case, the non-consensual
pupil reaction could also be quantified. A future challenge might
also be to further characterize the role of the pupil shape in
modulating optical properties or for camouflaging the eye.
Regarding the latter, an interesting study of pupil shape-mediated
camouflage in skates was recently published (Youn et al., 2019).

LENS AND ACCOMMODATION

At first glance, the octopus lens, the main refracting structure
within its eye, seems to be spherical (Figure 2). However, as the
lens of Octopus vulgaris has not been measured, it might be slightly
ellipsoidal, as is the case in other cephalopods (Sivak, 1982, 1991;
Sroczynski and Muntz, 1985; Sivak et al., 1994). Fishes also have
spherical lenses: however, in contrast to fish, the lens of octopus
consists of an anterior and a posterior part divided by a septum
(Figure 2; Budelmann, 1996). Each component is comprised of
onion-like layers (Budelmann et al.,, 1997).

The lens develops from the lentigenic body, called “corpus
epithelia” in early studies (Arnold, 1967). The cells of the
lentigenic body are characterized by their larger size, prominent
nuclei, intensely stained nucleoli, and cytoplasmic RNA. The
lentigenic body lies in the front of the optic vesicle. Fine
cytoplasmic processes of the lentigenic body form the lens
primordium, which increases in size through the addition of
further lentigenic processes to the surface (Arnold, 1967).
Studies of the octopus lens have so far mainly focused on
lens development and lens proteins (Arnold, 1967; Bon et al,
1967; Dohrn, 1970; Brahma, 1978) with the aim of understanding
the convergent evolution of cephalopod and vertebrate lenses.

Beer (1897) examined accommodation in numerous cephalopod
species including Octopus vulgaris and concluded that the octopus
eye can, indeed, accommodate or adjust its focus. According to
Beer, the octopus is myopic or short-sighted, in its resting state;
thus its eyes are well-adapted to seeing objects nearby. Beer found
that when the eye was electrically stimulated, refraction changed
to a status close to emmetropia ie., normal-sightedness. This
change was not accompanied by a change in the curvature of
the lens, but by a positional change as in fish (Land and Nilsson,
2002): the lens moved closer to the retina. The retraction of the
lens was caused by the contraction of a ring-shaped muscle at
the equator of the bulbus which is firmly associated with the
ciliary body (Figure 2) that is a section of the uvea and serves
to suspend the lens. Upon contraction, the ciliary body and lens
are pulled against the retina. A prerequisite for these movements
is that the eye bulbus of octopus is very soft and flexible.

Beer (1897) also assumed a myopic resting refractive state
for Sepia officinalis. However, retinoscopic measurements in
Sepia officinalis revealed emmetropia or slight hyperopia (Schaeffel

et al, 1999). In the latter study, it was also speculated that
the accommodation mechanism in Sepia involves the lens
moving laterally, thus perpendicular relative to the pupillary
axis of the eye. It is likely that new investigations of visual
accommodation in octopus would also reveal a resting refractive
state close to emmetropia. In general, octopus might not need
elaborate accommodation abilities as its spherical lens with a
short focal length, in conjunction with long receptor cells (see
section “Retina and Visual Function”) most likely provide a
large depth of focus (Budelmann et al., 1997).

There are a number of open questions related to the octopus
lens, beginning first with the previously mentioned spherical
shape of the lens. The second question relates to ocular
transmittance. According to Denton and Warren (1968), octopus
lenses should absorb ultraviolet (UV) light as octopus live close
to the surface, whereas cephalopods living in the deep sea seem
to have transparent lenses. However, this aspect needs to be studied
in greater detail, as the statement by Denton and Warren (1968)
is in contrast to a note by Hess (1910) in his work regarding
the lenses of Eledone and Sepia which, according to his
measurements, do not absorb light of any wavelength. As no
details of the measurement procedure are given by Hess, we must
assume that he was only able to measure in the visible part
of the spectrum. Thus his note has to be treated with caution.

Third, very little is known about the optical properties of
the lens of octopus. According to a side note in Sutherland
(1963b), the lens is not astigmatic, thus the different meridians
do not possess different refractive power. Most likely, it possesses
a graded refractive index that compensates for longitudinal
spherical aberration, such that axial and non-axial light rays
are focused in the same focal plane, as in Octopus pallidus
and Octopus australis (Jagger and Sands, 1999) or with some
residual spherical aberration as in other cephalopod lenses
(Sroczynski and Muntz, 1985, 1987; Sivak, 1991; Sivak et al.,
1994; Kroger and Gislen, 2004; Sweeney et al., 2007); the lens
of Illex illecebrosus seems to be overcorrected for spherical
aberration (Sivak, 1982). In contrast to spherical aberration,
the lenses of Octopus spec. do not seem to be corrected for
chromatic aberration (Heidermanns, 1928; Jagger and Sands,
1999). In this regard, the nature of chromatic aberration —
that is, a condition in which light of different wavelengths is
focused differently — has to be re-evaluated in the context
of color vision (see section “Visual Pigment and Color Vision”).

Finally, regarding the development of the split cephalopod lens,
it is still unknown how the growth of the two components is
coordinated. This question was already posed by Jacob and Duncan
(1981) in the case of Sepiola atlantica, in which the anterior and
posterior part of the lens are not closely electrically coupled.
These authors also suggested studying whether the anterior and
posterior halves of the lens are built from the same lens proteins.

RETINA AND VISUAL FUNCTION

Although the eyes of vertebrates and coleoid cephalopods are
similar in many aspects (Packard, 1972), the retinal designs
of these two animal groups differ drastically. Cephalopods have
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everted retinae with the rhabdomeric photoreceptors pointing
towards the light (Frohlich, 1914a) in contrast to the inverted
retinae with ciliary photoreceptors in vertebrates. Moreover,
in contrast to the multilayered vertebrate retinae, cephalopod
retinae mainly contain the photoreceptors. Cephalopod
photoreceptors are primary receptor cells, each with its own
axon, whereas the vertebrate photoreceptors are secondary
receptor cells derived from epithelial cells. The axons of octopus
photoreceptors project directly to the large optic lobes, where
the visual information is processed (Young, 1960, 1971; Wells,
1966a; Maddock and Young, 1987). In vertebrates, the processing
of the visual information already begins in the inner retina,
before visual signals pass into the brain via the optic nerve.

We will now describe the retina of Octopus vulgaris in
detail (Figure 3). A limiting membrane shields the retina
towards the posterior chamber. The limiting membrane might
be a secretion of the supporting cells (von Lenhossék, 1894)
that lie between the rhabdoms in the distal retina; there are
about as many supporting cells as rhabdoms (Young, 1963).

The retina itself is densely packed with photoreceptors; their
density is highest in a central horizontal stripe (Young, 1960, 1962b,
1963, 1971). At its distal end, oriented towards the light, each
photoreceptor carries two rhabdomeres facing opposite sides. Four
rhabdomeres belonging to four photoreceptors form a square
rhabdom (Figure 3), which is analogous to the rhabdom of
arthropods. The square arrangement of the rhabdoms is very
regular, although there are also some cells which are particularly
small that are not organized in arrangements of four (Young,
1963). Despite this very regular receptor arrangement, as well as
corresponding regular distributions of the dendrites in the plexiform
layer in the optic lobe (Young, 1960), the octopus is only able to
discriminate stimuli differing in orientation (Boycott and Young,
1956; Sutherland, 1957, 1963a; Wells, 1960; Young, 1960) when
the eye is oriented such that the pupil is horizontal, that is when
the statocysts are functioning normally (Boycott, 1960; Wells, 1960;
Boycott et al, 1965). The regular receptor arrangement plays an
important role for the polarization sensitivity of the eye of octopus
(see section “Dichroism of the Retina and Polarization Sensitivity”).

The two rhabdomeres of each photoreceptor are separated by
screening pigment in the cell body (Figure 3). Additional pigment
is found in the processes of the supporting cells between the
distal segments of the photoreceptors. The migration of this
screening pigment to the bases/tips of the photoreceptor and
perhaps also the supporting cells (Babuchin, 1864; Young, 1963),
in combination with enlargement/contraction of the photoreceptors
and the constriction/dilation of the pupil (see Figure 1 and
section “Pupil and Iris”), serves to dark- or light-adapt the eye.
Pigment migration does not seem to be uniformly fast throughout
the entire retina; in the photoreceptors within the central stripe,
which have less pigment than the cells in other retinal regions
(Young, 1962b), pigment migration is slower during light adaptation,
but faster during dark adaptation than in the remainder of the
retina (Hess, 1905; Young, 1963).

In Octopus fangsiao (O. ocellatus), dopaminergic efferents
from the optic lobe seem to cause screening pigment migration
during the dark adaptation process (Gleadall et al., 1993). In
O. vulgaris, this has yet to be studied.
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FIGURE 3 | Schematic diagram of the retina of Octopus vulgaris. A limiting
membrane (LM) shields the retina towards the posterior chamber. In the distal
part of the retina are found the distal segments (DS) of the photoreceptors and
supporting cells (SC). Pigment granules (Pl) can be found within the
photoreceptors and the supporting cells. The cross section through the distal
retina (upper diagram), shows the regular arrangement of the distal segments of
the photoreceptors (DS) that possess two rhabdomeres (RD) each, facing
opposite sides of the cell, and separated by pigment (Pl). Four rhabdomeres from
four neighboring receptors form a rhabdom. While the nuclei of the supporting
cells (NSC) are situated in the distal retina, the nuclei of the photoreceptor cells
(NPC) are found in their proximal segments (PS) in the proximal retina, beyond
the basal membrane (BM). In the proximal retina, within the retinal nerve plexus
(RNP), photoreceptors are interconnected by collateral fibers (COL) from the
proximal segments of the photoreceptors, and photoreceptors interact with
efferents (EFF) from the optic lobe. Epithelial cells (EP), considered to be retinal
glia cells, seem to form processes (dashed lines) that lie between the inner
segments of the retinal cells. The schematic diagram of the octopus retina was
adapted from previously published drawings (Babuchin, 1864; Schultze, 1867;
Grenacher, 1884; Wolken, 1958; Moody and Parriss, 1960, 1961; Young, 1960,
1962b, 1971; Boycott et al., 1965; Yamamoto et al., 1965).
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The photoreceptors of the octopus retina narrow before
passing the basement membrane that separates their distal parts
from the proximal segments that carry the cell nuclei (Figure 3).
Finally, the photoreceptors give rise to axons. Within this region,
called the retinal plexus, two types of interactions can be found:
(1) interactions between photoreceptors, mediated by fine
collateral fibers branching from the proximal part of the
photoreceptors, and (2) interactions between centrifugal cells,
which are efferents from the plexiform zone of the optic lobes,
and photoreceptors (Young, 1962b; Boycott et al., 1965; Tonosaki,
1965; Lund, 1966; Patterson and Silver, 1983). In the central
stripe of the retina, the proximal segments of the photoreceptors
are longer, and the retinal plexus is thicker than in the rest
of the retina (Young, 1963). Three studies have described
synapses and transmitters in the retina of Octopus vulgaris,
among other species (Gray, 1970; Lam et al., 1974; Silver et al.,
1983). There is accumulating evidence that the photoreceptors
are cholinergic, whereas the centrifugal cells are dopaminergic.

The axons of the photoreceptors leave the eye in bundles of
approximately 20 axons, each through holes in the sclera (Patterson
and Silver, 1983). Before these axon bundles enter the optic lobe,
the bundles decussate: the dorsal retina projects to the ventral
optic lobe and vice versa (Boycott et al., 1965; Lettvin and Maturana,
1965; Patterson and Silver, 1983). The optic lobes are composed
of the cortex and a central medulla, and most photoreceptors
axons terminate in the outer plexiform zone of the cortex of the
optic lobe (Young, 1960, 1962a, 1971; Dilly et al, 1963).

Dichroism of the Retina and
Polarization Sensitivity
The rhabdomeres of the photoreceptors are arranged either
horizontally or vertically. Each rhabdomere consists of densely
packed straight microvilli that, because of the regular arrangement
of the rhabdomeres, are oriented perpendicular to each other
(Wolken, 1958; Young, 1960, 1971). With the alignment of the
visual pigment with the long axis of the tubules (Roberts et al.,
2011), each rhabdomere is a dichroic analyzer that absorbs light
polarized parallel to the tubules maximally. This regular retinal
arrangement is thus most likely the basis for the ability of octopus
to perceive polarized light (Moody and Parriss, 1960, 1961; Rowell
and Wells, 1961; Lettvin and Pitts, 1962; Moody, 1962; Tasaki
and Karita, 1966; Sugawara et al., 1971; Shashar and Cronin, 1996).
Numerous functions of polarization sensitivity have already
been described for cephalopods in general, including object detection
or recognition, communication or navigation, among other (for
review see Mithger et al, 2009; Shashar, 2014). However, it still
remains to be determined what role polarization sensitivity plays
in Octopus vulgaris in particular, as most evidence in this respect
has been collected in other cephalopod species, so far. Additionally,
it remains to be determined whether octopus possesses true
polarization vision as proposed by Shashar and Cronin, 1996, a
view that has been challenged by Nilsson and Warrant (1999).

Photoreceptor Density, Spatial, and
Temporal Resolution

Given an eye size of approximately 2 cm (see section “Eye
Size and Ocular Dimensions”), the octopus retina covers

an area of 1-4 cm? (Wolken, 1958; Young, 1963). In this
retina, 2-3 x 107 photoreceptors cells are found with a cell
density varying between 18,000-22,000 cells/mm’ in the
periphery and approximately 55,000 cells/mm? in the central
stripe (Young, 1960, 1962b, 1963, 1971). In the central stripe,
the rhabdoms are longer and thinner than in the periphery;
rhabdom diameters as small as 4 pm have been found in
the stripe, while rhabdoms in the periphery had diameters
of up to 10 pm (Young, 1963). The higher rhabdom density
in the central retinal stripe is strongly indicative of higher
spatial resolution in this area, even though this has not
been measured directly with electrophysiological methods;
for electrophysiological studies in octopus, the reader is
referred to previous studies (Tasaki et al., 1963a,b; Boycott
et al.,, 1965; Lettvin and Maturana, 1965; Hamasaki, 1968a,b;
Tsukahara et al., 1973). In accordance with the foregoing,
a horizontal area of increased spatial resolution would
be highly adaptive in bottom-living animals (Muntz, 1977;
Talbot and Marshall, 2010).

Visual acuity was assessed with two different behavioral
approaches, in a discrimination experiment using gratings
(Sutherland, 1963b) as well as in an optomotor study (Packard,
1969). The first approach assessed visual acuity as 1.7 cycles/
degrees or better for animals weighing 250-500 g. The
second assessed visual acuity as 0.6-1.1 cycles/degrees for
two groups of very small animals with average weights of
0.27 g and 2.7 g, and 1.1 cycles/degrees or better for animals
weighing 17 g; all values are estimates based on the assumption
that the animals were in the center of the optokinetic drum.
Due to several aspects related to the experimental procedure,
these studies may have underestimated the visual acuity of
octopus. This possibility is supported by another
discrimination experiment on grating visual acuity in Octopus
pallidus and Octopus australis whose visual acuity was assessed
as 3.1-6.8 cycles/degrees (Muntz and Gwyther, 1988).
Considering this acuity range, the octopus visual acuity
would be comparable to the visual acuity of cats or fowls
(Rahmann, 1967). Generally, the visual acuity of octopus
might vary with illumination, as the receptive field of single
receptors will probably be smaller when the pigment has
migrated to the distal tip of the receptors in bright light
(Lettvin and Pitts, 1962; Sutherland and Carr, 1963; Young,
1963); an aspect that still needs to be fully worked out
in octopus.

The temporal resolution of the eye, as measured by flicker
fusion frequency, has been determined in both Octopus vulgaris
and Octopus briareus as 72 Hz with a stimulus intensity of
45 x 10° cd/m* by Hamasaki (1968b). The flicker fusion
frequency decreases relatively fast reaching only 20 Hz when
stimulus intensity was decreased by 4 logarithmic units. As
the values given are averages from the two species of octopus,
it would be interesting to document the flicker fusion frequency
for Octopus vulgaris in particular.

Visual Pigment and Color Vision
Octopus vulgaris possesses only one visual pigment within its
photoreceptors, an R-type-opsin (Cronin and Porter, 2014)
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which absorbs maximally at 475 nm with a B-band at 360 nm
(Brown and Brown, 1958; Kropf et al., 1959; Hamasaki, 1968a).
Generally, the visual pigments of octopods seem to be less
well matched to the light environment than the pigments of
squids and cuttlefish. It is speculated that a fine-tuning of the
pigments might not be under selective pressure in octopods
in contrast to squids and cuttlefish as other senses such as
haptics or chemoreception might be more important than vision
in these benthic animals (Chung and Marshall, 2016).

In line with the presence of only one visual pigment,
most studies have concluded that Octopus vulgaris is color-
blind (Piéron, 1914; Bierens de Haan, 1926; Messenger et al.,
1973; Messenger, 1977; Kawamura et al., 2001), though the
work of Frohlich, Goldsmith, and Kithn suggest otherwise
(Frohlich, 1914a,b; Goldsmith, 1917a,b; Kithn, 1950). However,
in these old color vision studies, either experiments were
not adequately controlled for the brightness of the stimuli
or stimuli were adjusted in brightness on the basis of a
human brightness discrimination ability that likely differs
from the brightness discrimination ability of octopus. Moreover,
these studies were not designed to examine a color vision
mechanism recently simulated for Octopus australis by Stubbs
and Stubbs (2016a). This color vision mechanism exploits
the longitudinal chromatic aberration of the lens; thus, even
monochromats should be able to obtain color information
this way. Although this mechanisms has been questioned
(Gagnon et al., 2016; Stubbs and Stubbs, 2016b), it would
be interesting to test it in the context of the mystery of
color-blind camouflage and the question of what role the
eyes and/or photoreceptors in the skin (Ramirez and Oakley,
2015) play in background matching by cephalopods generally.
Stubbs and Stubbs speculate that this mechanism might also
help to explain why some cephalopods have developed colorful
intra-specific signals (Stubbs and Stubbs, 2016b).

To date, the only cephalopod known to possess more than
one pigment, the classic precondition for color vision, is
Watasenia scintillans; it has three visual pigments based on
vitamin Al (An = 484 nm), vitamin A2 (A, = 500 nm),
and 4-hydroxyretinal (A, = 470 nm) (Matsui et al., 1988a,b;
Seidou et al., 1990; Kito et al., 1992; Michinomae et al., 1994).
A putative color vision faculty in the firefly squid is supported
by the existence of a banked retina that compensates for this
animal’s lens not being corrected for longitudinal chromatic
aberration (Kroger and Gislen, 2004).

DISCUSSION

This review demonstrates that several aspects of vision of Octopus
vulgaris have been investigated in some detail. Nevertheless,
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While color vision is achieved by comparison of signals of photoreceptors tuned to
different parts of light spectra, polarization vision is achieved by comparison of signals
of photoreceptors tuned to different orientations of the electric field component of visible
light. Therefore, it has been suggested that polarization vision is similar to color vision.
In most animals that have color vision, the shape of luminance contrast sensitivity curve
differs from the shape of chromatic contrast sensitivity curve. While luminance contrast
sensitivity typically decreases at low spatial frequency due to lateral inhibition, chromatic
contrast sensitivity generally remains high at low spatial frequency. To find out if the
processing of polarization signals is similar to the processing of chromatic signals, we
measured the polarization and luminance contrast sensitivity dependence in a color-blind
animal with well-developed polarization vision, Octopus tetricus. We demonstrate that,
in Octopus tetricus, both luminance and polarization contrast sensitivity decrease at low
spatial frequency and peak at the same spatial frequency (0.3 cpd). These results suggest
that, in octopus, polarization and luminance signals are processed via similar pathways.

Keywords: octopus vision, octopus behavior, polarization vision, contrast sensitivity, polarization sensitivity,
chromatic vision

INTRODUCTION

Polarization sensitivity is widespread among invertebrates with rhabdomeric photoreceptors, such
as arthropods and cephalopods, because rhabdomeric photoreceptors are inherently polarization
sensitive by virtue of their microvillar structure (Moody and Parriss, 1960; Young, 1971).
Polarization vision is particularly important to cephalopods, a group of animals that lack color
vision, as it plays an important role in navigation (Shashar et al.,, 2002; Cartron et al., 2012),
contrast enhancement (Shashar and Cronin, 1996; Shashar et al., 2002; Temple et al., 2012; Cartron
etal., 2013b), detection of transparent prey (Shashar and Hanlon, 1998; Cartron et al., 2013a), and
communication (Shashar and Cronin, 1996; Boal et al., 2004; Mithger et al., 2009; Shashar et al.,
2011). Furthermore, it seems that polarization contrast alone might be sufficient for both object
detection and motion perception (Glantz and Schroeter, 2006; Pignatelli et al., 2011; Temple et al.,
2012). It is possible that polarization vision could have an advantage over color vision in underwater
environments, as the light spectrum is variable and long wavelengths (reds) are lost rapidly with
depth, whereas the background polarization is relatively constant in angle and degree (Waterman,
1954; Marshall and Cronin, 2011), allowing for small changes in polarization to be easily detected
in this almost noise-free environment (Cronin et al., 2003; Pignatelli et al., 2011).
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It has been proposed that polarization vision is analogous
to color vision in that it allows the viewer to divide a scene
into regions based on the differences in polarization in the
same way that color vision discriminates between chromaticities
(Bernard and Wehner, 1977; Nilsson and Warrant, 1999; Cronin
et al,, 2003). Both polarization vision and color vision require
a comparison between receptor signals: color vision is achieved
through comparison of signals of photoreceptors tuned to
different parts of the light spectrum (Vorobyev, 2007), whereas
polarization vision is achieved through comparison of signals of
photoreceptors tuned to different orientations of the electric field
component of visible light.

If polarization vision were indeed analogous to color vision,
a similar neural processing of both may be expected. One
way to test this is through a contrast sensitivity function
(CSF)—the dependence of sensitivity on the spatial frequency
of a stimulus. The shape of the contrast sensitivity function
depends on the neural processing of receptor signals (Barlow,
1961; Atick, 1992; Laughlin, 1994; Wandell, 1995). While the
achromatic (luminance) contrast sensitivity function generally
has a bell-like shape and decreases at both low and high spatial
frequencies, chromatic sensitivity does not decrease at low spatial
frequency and decreases at the high spatial frequency earlier than
the achromatic contrast sensitivity function does (Cornsweet,
1970; Wandell, 1995). This difference between chromatic and
achromatic contrast sensitivity has been demonstrated for
humans, birds, fish, and insects (Mullen, 1985; Giurfa and
Vorobyev, 1997; Lind and Kelber, 2011; Siebeck et al., 2014).
The relationship between the shape of the contrast sensitivity
and neural processing of visual signals is well-understood
(Campbell and Robson, 1968; Cornsweet, 1970; Northmore
and Dvorak, 1979; Rovamo et al., 1999; Pelli and Bex, 2013).
While the decrease of sensitivity at low spatial frequency
is a consequence of lateral inhibition, the lack of decrease
of sensitivity at low spatial frequency is a consequence of
spatial summation. A quantitative theory explaining the shape
of contrast sensitivity has been developed for processing of
luminance and chromatic information by human retinal ganglion
cells (Rovamo et al., 1999).

In a previous paper we have demonstrated that the octopus
luminance contrast sensitivity decreases at low spatial frequency
(Nahmad-Rohen and Vorobyev, 2019). Here we compare
luminance and polarization contrast sensitivity in Octopus
tetricus (Gould, 1852). The lack of decrease of polarization
sensitivity at low spatial frequency would be an indication of
the similarity between processing of polarization in octopus
and chromatic information in animals possessing color vision.
On the other hand, the similarity of the shape of luminance
and polarization sensitivity would indicate that luminance and
polarization signals are conveyed via similar pathways.

Octopus photoreceptors are arranged in the form of parallel
tubes packed into groups called rhabdomeres, the microvilli of
which lie perpendicular to those of adjacent rhabdomeres and
parallel to those of opposite ones. Such orthogonal arrangement

Abbreviations: LCSE, luminance contrast sensitivity function; PCSE, polarization
contrast sensitivity function.

provides polarization sensitivity as it strongly favors (and
thus allows them to distinguish between) rays polarized at
vertical and horizontal direction (Moody and Parriss, 1960,
1961; Young, 1971; Nilsson and Warrant, 1999). Octopuses are
capable of discriminating between objects based on whether they
show polarization contrast or not, and can detect variation in
polarization patterns within a single object. Furthermore, they
are able to identify objects through polarization cues alone, using
the particular polarization patterns of each object to tell them
apart (Shashar and Cronin, 1996; Cronin et al., 2003).

The polarization visual acuity of cephalopods has been
measured through discrimination training (Shashar and Cronin,
1996), reflex method experiments (Temple et al., 2012), and
optomotor tests (Cartron et al., 2013a). Discrimination tests
have shown that octopuses can differentiate between polarization
patterns with an e-vector variation of 20° (Shashar and
Cronin, 1996). By presenting a polarized stimulus simulating an
approaching predator and observing changes in body coloration
as a response to it, Temple and colleagues reported that the
minimum polarization angle difference detectable by octopus
was 10° (Temple et al., 2012). Cephalopods have shown both
optomotor and optokinetic responses in temporal resolution
experiments designed specifically for polarization vision (Talbot
and Marshall, 2010; Cartron et al., 2013a), and it was observed
that, as with brightness, polarization sensitivity increases with
age, albeit having a slower development (Cartron et al., 2013a).

However, thorough polarization contrast sensitivity
measurements have not been made for octopuses. This may have
been a very difficult (if not impossible) task to accomplish in the
past, but it is now possible to do so by using a Liquid Crystal
Display (LCD) screen. By removing the output polarizing filter,
an image consisting of polarization patterns can be produced
(Glantz and Schroeter, 2006; Foster et al., 2018). This technique
has previously been used to present cuttlefish and squid with
stimuli simulating either an approaching predator or a prey
item and elicit the appropriate response (Pignatelli et al., 2011;
Temple et al., 2012; Cartron et al., 2013b), as well as to present
a looming stimulus to fiddler crabs (How et al., 2012). Another
technique used for presenting butterflies with polarized stimuli
includes using a digital light processing projector with a spinning
linear polarizer (Stewart et al., 2017). Here we use a modified
LCD screen to present octopuses with sinusoidal gratings to
obtain a polarization contrast sensitivity function (PCSF).

Generally sensitivity depends on background. For example,
in human observers, the sensitivity to changes of chromaticity
decreases as the chromaticity of background increases, i.e.,
it is easier to detect small increase in chromaticity against
achromatic backgrounds than against chromatic backgrounds
due to the saturation of chromatic mechanisms (Krauskopf and
Gegenfurtner, 1992). To find out if the ability of octopus to detect
polarization depends on the polarization of background light, we
test octopuses using unpolarized and 50% horizontally polarized
background. The underwater light is horizontally polarized
(Waterman, 1981; Marshall and Cronin, 2011), and the degree
of polarization is typically below 50% and rarely exceeds 60%,
even under exceptional conditions (Waterman, 1981; Marshall
and Cronin, 2011). Therefore, the polarization of background
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light used in our experiments is within the range of variability
of polarization of background light in the octopus habitat.

A novel method based on a reflex response was used to
collect behavioral data from psychophysics experiments in a
non-invasive way. This reflex response provides advantages
over discrimination training methods, as it eliminates variables
that can otherwise affect the test subjects choice, such as
mood, confusion, and even handedness/preference for one side
(Northmore and Yager, 1975; Byrne et al., 2002; Cartron et al,,
2013a). Moreover, even when the conditioned response is well-
established, curious animals can at times pick the wrong choice
intentionally (Shashar and Cronin, 1996).

METHODS

Animals and Housing
Ten octopuses (Octopus tetricus) (41-191 g) were captured with
pot traps in Hauraki Gulf, New Zealand, and housed in individual
tanks of 90cm x 45cm x 40cm (L x W x H) with a 6 mm
thick glass wall at the Leigh Marine Laboratory. Tanks had
a constant flow of 200 wm filtered seawater from the Goat
Island Marine Reserve, and were provided with an additional
aeration system. Each tank was illuminated with overhanging
fluorescent lights. Tanks were provided with an enriched, semi-
natural environment (algae, rocks, and oyster shells), as well
as a PVC pipe for octopuses to build their dens in. Animals
were given live food (mussels and snails) 3-4 times/week.
Individuals were given 2-3 days of acclimatization after capture
before beginning experiments. Octopuses were kept for 2-3
months for experiments, after which they were released back into
Hauraki Gulf.

All animal handling and experiments were carried out
under approval of the University of Auckland Animal Ethics
Committee (ref. 001761).

Experimental Setup and Procedure

Vertical sinusoidal gratings of different spatial frequencies
and varying contrast were used to measure the luminance
and  polarization  contrast  sensitivity of  octopuses.
The experimental procedure was based on that of
Nahmad-Rohen and Vorobyev (2019).

Octopuses were presented with a stimulus consisting of
vertically oriented sinusoidal gratings of five different spatial
frequencies [12, 4, 1, 0.3, and 0.1 cycles per degree (cpd)] on
an LCD screen to measure their contrast sensitivity to both
luminance and polarization. The sinusoidal grating alternated
between two positions by changing phase by 180° twice
per second (temporal frequency of 2 Hz) to reduce habituation
to the stimulus (Zeil, 2000). Depending on stimulus intensity,
the octopus flicker-fusion frequency varies between 20 and 70 Hz
(Hamasaki, 1968). We do not know which temporal frequency
for the stimulus would be optimal for octopus vision. However,
we empirically found that the frequency chosen (2Hz) yields
a reliable response. This alternating stimulus as opposed to
a moving one was used to avoid confusion between contrast
and motion sensitivity. Stimuli were created through MATLAB
[version 7.12.0.635 (R2011a)] running Psychophysics Toolbox

function interface (version 3.0.12 for Apple OS X, http://
psychtoolbox.org).

The distance between the octopus and the tank edge was
measured for each individual before beginning trials, and total
distance was input into the script in order to generate the
correct stimuli. Correction for the air-water interface was done
by dividing the desired spatial frequency of the stimulus by the
refractive index of seawater—1.34.

Black corrugated plastic was placed around the tank, as well as
from the edge of the tank to the LCD monitor on the top, bottom,
left, and right sides as a screen in order to restrict the octopus
field of view of anything other than the monitor, so as to avoid
any distractions or other visual stimuli. For this purpose, the
aeration system was turned off during experiments. Furthermore,
the lights above the tank were diffused, thus ensuring that the
main light source was the LCD screen (see Figure 1).

The screen was located at 1m from tank and always
kept at conventional orientation. For luminance sensitivity
measurements, the polarizer filter of the screen (DELL
UltraSharp 1907FP, 19") was, by manufacturer settings,
oriented at 45° with respect to horizontal (0°) or vertical (90°)
orientations. For polarization sensitivity measurements, the
polarizer of the screen (DELL UltraSharp 1905FP, 19”), which
was vertically oriented (90°) by manufacturer settings, was
removed. The luminous intensity of the background against
which the stimuli were presented was 86.7 for luminance
sensitivity (50% gray), and 354.5 in the case of the screen
with removed polarizer (the polarizing filter attenuates light
emitted from the screen). The screen with the removed
polarizer produces polarization patterns that do not have
intensity contrast and hence are completely invisible to non-
polarization sensitive animals. Thus, a maximum amplitude
grating corresponded to perpendicular e-vector angles. By
decreasing contrast, the degree of polarization difference in
the grating is decreased. In the screen with the removed
polarizer, pixel value 255 (white) corresponded to the vertical
direction and pixel value 0 (black) corresponded to the
horizontal direction.

To calibrate the modified LCD screen, a PR655
spectroradiometer (Photo Research Inc.) with affixed vertical
(90°), horizontal (0°), and oblique (45° and 135°) polarizing
filters was used to measure monitor output spectra at different
pixel values (Figures A1-A,A2). The intensity values were
obtained by multiplying spectra by the octopus spectral
sensitivity (Brown and Brown, 1958) (Figure A1-B) and
subsequent integration over wavelength. During calibration
no change in intensity was observed at 45° and 135° for all
pixel values, and measurements of the angle of polarization
were constant across all intensities, meaning that changes
in contrast or intensity correspond to changes in degree of
polarization rather than to changes in e-vector orientation
(see Appendix 1—Polarization Monitor Calibration). The
pixel value at which the vertically and horizontally polarized
light produced the same level of intensity determined the
intensity corresponding to zero degree of polarization (see
Figure A3). Gamma correction was introduced to ensure
intensity linearity.
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FIGURE 1 | Diagram of the experimental setup (not to scale). The black corrugated plastic tunnel blocks any stimulus outside of the tank apart from the LCD monitor.

For the polarization contrast sensitivity measurements, two
backgrounds were used: one with zero degree of polarization,
the other with 50% polarization with a dominant horizontal
e-vector orientation. The monitor settings used to achieve
50% polarization corresponded to the settings used for gray
background in luminance experiments.

The uniform background (50% gray for unmodified LCD
screen, unpolarized/50% polarization for modified screen) was
shown for 1h before the experiment began so that the octopuses
became accustomed to it. Stimuli were presented for 2s,
shifting phase by 180° with a temporal frequency of 2Hz.
After stimulus presentation the programme remained idle,
showing the uniform gray background, until given instruction
to show the next one. A window of at least 20s was
used between stimulus presentations. To avoid habituation,
frequencies were presented in random order. Each spatial
frequency was presented a minimum of 30 times. To avoid
habituation resulting from a stimulus with high Michelson
contrast, the initial contrast for the procedure was 5%. Contrast
was capped at 10% for the luminance experiment, and at 16%
polarization for all frequencies except the highest one (12 cpd),
which was capped at 28.6% polarization, for the polarization
experiment. Thus, sensitivity values below 10 for luminance
and 6.1 (or 3.5 for 12 cpd) for polarization cannot be reliably
estimated. Minimum contrast, based on hardware limitations,
was 0.7%.

Whether an octopus would see the stimulus or not was
determined by whether a “fixation response” was shown—
expansion of the chromatophores in and around the eye
occurring as a result of accommodation, resulting in a
momentary darkening around the pupil—(Turnbull, 2014;
Nahmad-Rohen and Vorobyev, 2019). Because the fixation
response is an uncontrolled reflex it does not require
training, and preliminary tests in which the grating was
shown at 100% contrast (see Nahmad-Rohen and Vorobyev,
2019—Supplementary Materials) showed that it is a reliable
determinant of whether the grating is resolved by the subject.

The fixation response was monitored through a CCTV camera
(Panasonic CCTV WV-BL200) placed outside the tank facing
the octopus’s eye. The camera provided live feed to a tv screen,
making it possible to assess the presence or absence of a fixation
response in real time. With each positive (fixation response
present) or negative (no expansion of the chromatophores)
response, contrast was decreased or increased, respectively, based
on an adaptive staircase procedure with a Weibull approximation
of the psychometric function (QUEST; Watson and Pelli, 1983).
This procedure uses data from previous stimulus presentations
to guide further testing. For each step, the adaptive staircase
procedure uses the information from all previous trials to
determine the contrast level of the next stimulus presentation and
estimate the position of a threshold. This method allows us to
establish a threshold reliably using only a limited number of trials
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FIGURE 2 | Two examples of octopus fixation reflex. (Left) Stimulus not
present. (Right) Pupil expands along with chromatophores around the eye as a
response to the appearance of the sinusoidal grating. The different features of
the fixation response can be expressed at various degrees of intensity: (A)
shows a strong pupil expansion and expression of the “eye bar,” whereas (B)
shows a good example of the “dark eye ring.” (B) Reprinted with permission
from Nahmad-Rohen and Vorobyev (2019).

(Watson and Pelli, 1983). The staircase was run until a contrast
threshold was established, and a minimum of 30 presentations
were done for each spatial frequency. Luminance sensitivity was
defined as the inverse of the contrast threshold, and polarization
sensitivity as the inverse of degree of polarization threshold.

It is important to note that, given the nature of the
methods, we recorded attention threshold rather than minimal
detectable contrast.

Data Analysis
For each stimulus presentation, a Weibull psychometric function
was applied to estimate the probability of stimulus detection:

c\#
V(CC)=y+(A—y—38)(l—exp _<E> , (1)
t

where vy is the false alarm rate (number of fixation responses
in the absence of a stimulus), 8 is the proportion of trials with
blind responses (presentations in which the stimulus is resolvable
by the individual—based on the contrast level—but still fails
to respond), B is the slope of the psychometric function, C
corresponds to the contrast presented, and C; is the contrast
threshold parameter searched for by the staircase procedure.
We use the following values for false alarm rate and proportion
of blind responses: y = 0.0569, § = 0.3058 (Nahmad-Rohen
and Vorobyev, 2019). These values were obtained by presenting
stimuli to two octopuses at 100% contrast. The proportion of
blind responses was defined as the number of cases when the
octopus did not respond to the 100% contrast grating divided
by the total number of presentations. The false alarm rate was
defined as the number of fixation responses when no stimulus
was present divided by the total duration of the trial (Nahmad-
Rohen and Vorobyev, 2019). The value for § (3) was based on
suggestions from literature (Watson and Pelli, 1983).

Once the QUEST staircase procedure was finished, the
threshold parameter C; was calculated along with the error
estimate for each spatial frequency. The local maximum of a
likelihood function was then found while keeping parameters vy,
3, and B constant. The likelihood function L is:

L= (yilog(¥(Ci, C)) + (1 — ylog(1 — ¥(C;, C)),  (2)

i=1

where 7 is the total number of presentations for each given spatial
frequency and y is the sequence of responses (0 if negative, 1
if positive) for each of the contrasts C at which the sinusoidal
grating was presented. The value of the parameter C; that
maximized the likelihood function (i.e., for which the maximum
value of the likelihood function was found) provides the contrast
threshold. This was found using the “FindMaximum” function in
Wolfram Mathematica®.

After obtaining the contrast threshold estimate, a parametric
bootstrap procedure (Wichmann and Hill, 2001) was used to
obtain error bars (Figures4, 5). This procedure was chosen
because it takes into account the noise of the original data
(Wichmann and Hill, 2001). In our case, the causes of noise can
include factors such as changes in attention or distraction due
to floating debris in the water. Assuming a binomial distribution
of the data from the psychophysical experiments, and based
on the probability of stimulus detection obtained from the
Weibull psychometric function, a new set of data was created
using a random number generator. In this virtual experiment,
the stimulus was detected if the random number obtained was
smaller than the probability of detection, and not detected if it
was larger. Thus, a new sequence of responses y was obtained, in
turn generating a new threshold C; by maximizing the likelihood
function with the virtual sequence of responses. For each spatial
frequency, this procedure was repeated 10,000 times (obtaining
different results of the virtual psychophysical experiment each
time) to obtain a sequence of thresholds. The interquartile range
of this threshold sequence is displayed as error bars in the
contrast sensitivity graphs (Figures 4, 5).

All data analysis was done in Wolfram Mathematica (version
11.3 for Mac OS X).

It is important to keep in mind that false alarms can occur as
a result of different circumstances, such as floating debris in the
water or neural noise. It is possible that the false alarm rate and
proportion of blind responses vary between individuals.

Relation Between Degree of Polarization

and Contrast

We define the direction of polarization of the maximum signal
(white, pixel value 255) as 0° and the direction of minimal signal
(black, pixel value 0) as 90°. Let I and Iyy be the intensities of
light polarized at 0° and 90° orientations, respectively. Then, the
degree of polarization is defined as:

Io — Ioo

T I+

3)

The degree of polarization, so defined, ranges from +1 to —1,
with 0 corresponding to unpolarized light. Let IJ and Iy, be the
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FIGURE 3 | Octopus unilateral body pattern display.
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intensities corresponding to the background and P° = 18 +I%O’
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a screen with the removed polarizer, Iy + Igg = I° is constant.
Therefore, when contrast C is presented against the background
the light intensities are given by

1+P)a+cC
Iy = Iy + CI) :IO%, 4)

1+PYa1+cC
Iy =I5 — Cly =1° (1—()2()>, )

and substitution of Equation (5) into Equation (4) gives:

1010 +2cC1°
IO+I90

Therefore, the change of degree of polarization is given by:

P=C(1+P) @)

RESULTS

The fixation response is comprised of three separate elements:
expansion of the pupil, which can aid in estimating distances
and which occurs in cephalopods when fighting or viewing food
(Douglas et al., 2005); expression of the “dark eye ring” behavior,
which can be seen in octopuses when disturbed by an object
suddenly appearing or approaching the octopus (Borrelli et al.,
2006); and expression of the “eye bar” (Packard and Sanders,
1971; Forsythe and Hanlon, 1985; Borrelli et al., 2006) (see
Figure 2 and Supplementary Material Movie 1). Each one of
these features can be displayed at various degrees of intensity,
and they occur simultaneously. In some cases the dominant
response is an expansion of the pupil, in others it is the darkening
around the eye (dark eye ring and/or eye bar). However, it is
difficult to specify in each case which one is dominant. During
experiments it was observed that occasionally octopuses would
not show a fixation response when a stimulus appeared on the
screen, but would respond to it by displaying a unilateral body

pattern—a conspicuous pattern in which one side of the body
becomes dark while the other half remains pale (van Heukelem,
1966; Packard and Sanders, 1971; Forsythe and Hanlon, 1985;
Borrelli et al., 2006) (see Figure 3). Contrary to the body pattern
description by Forsythe and Hanlon (1985) and Packard and
Sanders (1971), the dark side was not always the side facing
the stimulus. Also, unlike Van Heukelem’s description (van
Heukelem, 1966), this color change was not frequent, and was
only seen occasionally and clearly linked to the appearance of the
sinusoidal grating. Most octopuses presented this pattern during
the polarization experiments, and only one during the luminance
experiments. These unilateral body pattern expressions were
counted as “positive” responses for staircase procedure purposes.

Luminance contrast sensitivity curves were obtained for
three octopuses, and polarization contrast sensitivity curves
were obtained for seven octopuses (three of which were the
same as those for which luminance sensitivity curves were
obtained). Three luminance contrast sensitivity thresholds from
Nahmad-Rohen and Vorobyev (2019) are also presented here
(octopuses 1-3: Atha, Tmienja, and Wassakib) Luminance
contrast sensitivity peaked at 0.3 cpd and decreased at lower
spatial frequencies in all six animals (see Figure 4). The mean
contrast sensitivity at the maximum was 30.1 [contrast threshold
= 332 £+ 1.61% (mean £ SD)] and was in the range from
57.8 (contrast threshold = 1.73%) to 17 (contrast threshold =
5.87%) (see Table 1). By comparison, the best value for human
contrast sensitivity is around 100 (contrast threshold = 1%)
(Mullen, 1985).

Polarization contrast sensitivity also peaked at 0.3 cpd for six
out of seven animals (see Figure 4). For one octopus (Tseebii) the
polarization sensitivity at 1 cpd was higher (but not significantly)
than that at 0.3 cpd. The staircase procedure was repeated
for 1 cpd, yielding a much lower sensitivity (see Figure 4).
Polarization contrast sensitivity was measured with unpolarized
(3 animals: Tekyu, Ahtapot, Tuktujk) and 50% polarized (4
animals: Tseebii, Atocatl, Xhono, Sha'tekon) background. The
degree of polarization sensitivities corresponding to the peak
sensitivity (0.3 cpd) are equal to 59.2 [polarization threshold =
1.69 £ 0.5% (mean £ SD)] and 46.3 [polarization threshold
= 2.16 £ 1.34% (mean £ SD)] for unpolarized and polarized
backgrounds, respectively. The difference between sensitivities
for polarized and unpolarized background was not significant
(p = 0.84, t-test). The data from two groups were pooled
together giving a mean polarization sensitivity of 51 [polarization
threshold = 1.96 £+ 1.02% (mean £ SD)]. The range of the
polarization sensitivity was from 87.3 (polarization threshold =
1.15%) to 24.6 (polarization threshold = 4.07%) (see Table 1).
The difference between the peak values of luminance and
polarization thresholds was not statistically significant (p =
0.11, t-test).

Comparison between luminance and polarization sensitivity
curves from the three octopuses (Tekyu, Ahtapot, and Tuktujk)
allowed us to investigate the difference between the luminance
and polarization sensitivity in more details (Figure5). The
sensitivity maximum at 0.3 cpd was higher for polarization
than for luminance for each of the three individuals (see
Figure 5 and Table 1): 69.3, 69, and 42.7 for polarization vs.
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FIGURE 4 | (A) Octopus LCSF. All octopuses show the same bell-like shape of the sensitivity curve, and all peak at 0.3 cpd. Sensitivity is defined as the inverse of the
contrast threshold. The error bars indicate bootstrap interquartile range. (B) Octopus LCSF normalized to the peak sensitivity value of each curve (at 0.3 cpd) for
easier comparison between them. (C) Octopus PCSF. All octopuses show the same bell-like shape of the polarization sensitivity curve as the ones from the luminance
sensitivity experiment. Sensitivity is defined as the inverse of the contrast of the degree of polarization. The error bars indicate bootstrap interquartile range. (D)
Octopus PCSF normalized to the peak sensitivity value of each curve (at 0.3 cpd) for easier comparison between them.
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FIGURE 5 | Comparison of LCSF (blue) and PCSF (red) of three octopuses
(normalized to the peak sensitivity value of each curve at 0.3 cpd). The error
bars indicate bootstrap interquartile range. It can be appreciated that the
shapes of the sensitivity curves are quite similar, although the differences
between them are inconsistent: polarization sensitivity is higher than luminance
sensitivity for two octopuses (Ahtapot and Tuktujk) at low spatial frequency
(0.1 cpd), and lower than luminance sensitivity at a higher spatial frequency (1
cpd) for two out of three octopuses (Tekyu and Tuktujk).

31.1, 55.9, and 35.4 for luminance for Tekyu, Ahtapot, and
Tuktujk, respectively. On the other hand, the difference in
the shape was inconsistent. For two octopuses (Ahtapot and

Tuktujk), polarization sensitivity was higher than luminance
sensitivity at the lowest spatial frequency (0.1 cpd), and at a
higher spatial frequency (1 cpd), polarization sensitivity was
lower than luminance sensitivity for two octopuses (Tekyu
and Tuktujk) (see Figure 5). To quantify the difference in the
shape of contrast sensitivity curves, we normalized contrast
sensitivity to its maximum at 0.3 cpd in all six luminance
and seven polarization contrast sensitivity curves (see Figure 4).
The normalized contrast sensitivities are characterized by the
sensitivity at three frequencies (0.1, 1, and 3 cpd). The differences
were assessed using a generalization of ¢-test to multidimensional
data—the Hotteling T?-test followed by a Bonferroni post-hoc
test. We detected a small but statistically significant difference
(p = 0.026, n = 6, ny 7) between the shapes of the
polarization and luminance contrast sensitivity (Figure 4). We
found that the luminance sensitivity is significantly higher than
the polarization sensitivity at 1 cpd (p = 0.007, Bonferroni post-
hoc test), and no statistically significant differences for the other
spatial frequencies.

DISCUSSION

We compared the contrast sensitivity to luminance and
polarization in octopus and demonstrated that, in contrast to

Frontiers in Physiology | www.frontiersin.org

23

April 2020 | Volume 11 | Article 379


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Nahmad-Rohen and Vorobyev

Octopus Polarization Vision

TABLE 1 | Contrast thresholds and sensitivity for luminance and polarization.

Octopus Contrast thresholds (%) and sensitivity (1/C;) at 0.3 cpd
Luminance Polarization
1. Atha 1.73 (57.8) -
2. Tmienja 5.87 (17.0) -
3. Wassakib 4.5 (22.2) -
4. Tseebi* - 1.33(75.2)
5. Atocatl* - 1.15(87.3)
6. Xhono* - 2.11 (47.3)
7. She'tekon* - 4.07 (24.6)
8. Tekyu 3.21 (31.1) 1.44 (69.3)
9. Ahtapot 1.79 (65.9) 1.45 (69)
10. Tuktujk 2.82 (35.4) 2.34 (42.7)
Mean 3.32(30.1) 1.96 (51)
SD (o) 1.61(17) 1.02 (21.8)

Sensitivity is presented in brackets. For polarization sensitivity, octopuses marked with an
asterisk (octopuses 4-7) were tested at 50% polarization background, while the others
were tested at unpolarized background.

chromatic sensitivity, which generally does not decrease at low
spatial frequency (Mullen, 1985; Giurfa et al, 1997; Lind and
Kelber, 2011), octopus polarization sensitivity decreases at low
spatial frequency. Therefore, we conclude that the processing
of polarization signals in octopus is not analogous to the
processing of chromatic signals in animals with color vision.
Moreover, the shape of octopus polarization sensitivity is very
similar to the shape of luminance sensitivity—both peak at the
spatial frequency of 0.3 cpd. This indicates that luminance and
polarization pathways are similar.

The difference in the processing of luminance and
chromaticity can be explained in two different ways. (i) While
luminance vision is achieved by summation of photoreceptor
signals, chromatic vision is achieved by subtraction. This
implies that chromatic vision suffers from the noise originating
in photoreceptors to a higher degree than luminance vision.
Therefore, chromatic vision has lower spatial resolution
than luminance vision because spatial summation improves
the signal-to noise ratio. Similar reasoning may explain the
differences in the degree of lateral inhibition between luminance
and chromatic vision. The lateral inhibition reduces the
redundancy in the signal and hence improves the information
transfer via channels with limited capacity (Barlow, 1961;
Atick, 1992). However, when the signal-to-noise ratio is high it
is beneficial to reduce or remove the lateral inhibition (Atick,
1992). (ii) Chromatic and achromatic vision are used for different
purposes. Luminance vision is used for border detection, while
chromatic vision is used for detecting the changes of material and
identification of material properties (Rubin and Richards, 1982;
Maximov, 2000). High spatial resolution and lateral inhibition
facilitate border detection, but are not required for identification
of material properties. Therefore, whereas chromatic vision is
tuned to large visual angles, luminance (or achromatic) vision is
tuned for detecting fine details in smaller visual angles (Giurfa
et al., 1997; Lind and Kelber, 2011).

Because polarization vision is based on the comparison of
two noisy signals, polarization vision may require larger spatial
summation than luminance vision. Indeed, the only statistically
significant difference between luminance and polarization
sensitivity was a slightly lower contrast sensitivity for polarization
at 1 cpd (see Figures4, 5), which can be attributed to
an increase of spatial summation for polarization vision
compared to luminance vision. However, unlike chromatic
vision, polarization vision cannot be used for identification of
material properties because the perceived polarization depends
on viewing conditions such as mutual positions of the observer
and the object (Waterman, 1981; How and Marshall, 2014).
Cephalopods use polarization vision for tasks that are similar
in their nature to those associated with luminance vision.
It has been demonstrated that cephalopods use polarization
vision to detect transparent prey (Shashar and Hanlon, 1998;
Cartron et al., 2013a) which usually consists of small, planktonic
organisms with highly birefringent bodies (and therefore produce
high polarization contrast) (Shashar and Hanlon, 1998; Johnsen
et al., 2011). Polarization vision is also used by cephalopods
for communication: depending on the individual’s activity,
polarization patterns in their bodies change (Boal et al., 2004;
Chiou et al, 2007; Mithger et al., 2009). These polarization
patterns have fine details (Boal et al., 2004; Chiou et al., 2007;
Mithger et al., 2009). Hence, the similarity between luminance
and polarization contrast sensitivity and the presence of lateral
inhibition in polarization vision is consistent with the similarity
of tasks of luminance and polarization vision. However, it cannot
be excluded that polarization vision can be also used for tasks
that do not require high spatial resolution, such as polarization-
based navigation (Shashar et al., 2002; Cartron et al.,, 2012).
While it is well-established that, in terrestrial habitats, insects
use polarization vision for navigation (Labhart, 2016), the utility
of polarization cues for navigation are not well-understood. It
has been argued that polarization-based navigation underwater
is restricted to very shallow waters, and could be limited to shore
detection (Shashar et al., 2011).

Due to the limitations of the methods, polarization sensitivity
was measured at a higher light intensity than that used to measure
luminance sensitivity. This can contribute to a possible difference
in the maximal sensitivities to luminance and polarization (note
that the difference in the maximal sensitivity between luminance
and polarization was not statistically significant). However, the
differences in the light levels at which the experiments were
performed cannot explain the decrease of polarization sensitivity
at 1 cpd because with the increased light level the sensitivity
to high frequency should increase due to decrease of spatial
summation (Atick, 1992). We performed experiments polarized
and 50% polarized background and did not detect any significant
difference. Because natural background polarization very rarely
exceeds 50% (Waterman, 1981; Marshall and Cronin, 2011), we
conclude that polarization sensitivity is unlikely to saturate in
natural conditions.

Cartron et al. (2013a) noted that, in insects “polarized and
unpolarized information are coded differently and are processed
by different type of neurons in the optic lobe,” and provide
the hypothesis that “In cephalopods [...] polarization is not a
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simple modulation of luminance information, but rather that it
is processed as a distinct channel of visual information.” Our
results do not confirm this hypothesis and indicate that the
processing of polarization and luminance signals in octopus are
largely similar.
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Cuttlefish are highly efficient predators, which strongly rely on their anterior binocular
visual field for hunting and prey capture. Their complex eyes possess adaptations
for low light conditions. Recently, it was discovered that they display camouflaging
behavior at night, perhaps to avoid detection by predators, or to increase their nighttime
hunting success. This raises the question whether cuttlefish are capable of foraging
during nighttime. In the present study, prey capture of the common cuttlefish (Sepia
officinalis) was filmed with a high-speed video camera in different light conditions.
Experiments were performed in daylight and with near-infrared light sources in two
simulated nightlight conditions, as well as in darkness. The body of the common
cuttlefish maintained a velocity of less than 0.1 m/s during prey capture, while the
tentacles during the seizing phase reached velocities of up to 2.5 m/s and accelerations
reached more than 450 m/s? for single individuals. There was no significant difference
between the day and nighttime trials, respectively. In complete darkness, the common
cuttlefish was unable to catch any prey. Our results show that the common cuttlefish
are capable of catching prey during day- and nighttime light conditions. The common
cuttlefish employ similar sensory motor systems and prey capturing techniques during
both day- and nighttime conditions.

Keywords: cephalopod vision, Sepia officinalis, cuttlefish, predatory behavior, low light vision

INTRODUCTION

Prey capture behavior of coleoid cephalopods have been described for several species (Wilson, 1946;
Messenger, 1968; Hurley, 1976; Duval et al., 1984; Mendes et al., 2006). These studies suggest that
decapodiform cephalopods employ similar visual hunting techniques, using either their eight arms,
and/or their two fast-extendable tentacles to seize the prey.

In the common cuttlefish (Sepia officinalis) hunting can normally be divided into three distinct
phases (Messenger, 1968): attention, positioning, and striking. The attention phase occurs when the
common cuttlefish first becomes aware of a prey item. The eyes then fixate on the prey, and the body
slowly turn such that arms and head are oriented toward the prey. During the positioning phase,
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it slowly moves closer to the prey until the predator-prey distance
is approximately one mantle length (see Hanlon and Messenger,
2018). During this phase, the tentacles slowly extrude toward
the prey. The movement of the tentacles remains under full
motor control, and the orientation of the tentacles adjust to
prey movements. The positive feedback from visual input and
motor control is continuous during this “aiming” phase until the
common cuttlefish enters the seizure phase. This phase is defined
by the abrupt action when the tentacles shoot out with extreme
speed in an all-or-none fashion (Messenger, 1968; Duval et al.,
1984). Once the seizure phase has been initiated, the common
cuttlefish loses any motor-control of the tentacles, and has no
further ability to re-adjust their aim or speed (Messenger, 1968;
Duval et al., 1984).

This rather “stereotypic” three-phase hunting strategy has
been observed in all species of squid and cuttlefish where prey
capture behavior has been studied (Messenger, 1968; Hurley,
1976; Duval et al., 1984; Mather and Scheel, 2014; Sykes
et al., 2014). However, details of the hunting strategy may vary
depending on prey type and agility (Duval et al., 1984). Fast-
moving prey (e.g., shrimps or fish) are typically captured by
a rapid final extrusion of the flexible tentacles. Slow-moving
prey (like crabs) on the other hand, is largely caught by a final
“jumping” method, where the cuttlefish seize the prey using
their 8 arms (Duval et al., 1984; Villanueva et al., 2017). Zoratto
et al. (2018) have in addition shown that intraspecific variations
in hunting behaviors can be linked to “personality” differences
between individual cuttlefish.

Decapodiform cephalopods in general have well developed
eyes (Muntz, 1977; Hanlon and Messenger, 2018), and they
are highly dependent on their vision during hunting (Young,
1963; Messenger, 1968; Hurley, 1976; Talbot and Marshall, 2011;
York et al., 2016; Hanlon and Messenger, 2018). Interference
with their visual system reduces hunting accuracy and success
rate (Messenger, 1968; Chichery and Chichery, 1987). Since
most cephalopods have just one visual pigment and thus one
class of photoreceptors, they are considered to lack color
vision (Hanlon and Messenger, 2018). However, they are
highly sensitive to polarized light, and may use such cues
during hunting (Messenger, 1981, 1991; Shashar et al., 2000;
Pignatelli et al., 2011). The common cuttlefish have large
and highly developed camera-type eyes which are capable
of adapting to varying light levels. Common cuttlefish can
rapidly adjust their pupil size in the range 100-3% of the
maximal area (Douglas et al, 2005). Additional light/dark
adaptation mechanisms documented in octopods, but so far, not
specifically described in cuttlefish, include screening pigment
migration, photoreceptor size modulation, and specialized foveas
(see Hanke and Kelber, 2020).

The common cuttlefish lives from subtidal waters down to
about 200 m, but are most abundant in the upper 100 m of the
water column (Reid et al., 2005). Light conditions consequently
vary a lot, ranging from high intensities near the surface on a
sunny summer day (equivalent to terrestrial type conditions), to
very dim light at deeper waters on a cloudy winter night. Natural
illuminance at nighttime ranges from 0.0001 lux on a moonless
overcast (starlight) night sky to around 0.002 lux on a moonless

clear night sky with airglow (Schlyter, 2017), while a full moon
on a clear night ranges from 0.05 to 0.3 lux (Kyba et al.,, 2017).
These light intensities gradually diminish by depth in the ocean.
In clear oceanic water, light drops by a factor of about 2.2% per
meter (Curcio and Petty, 1951). Observations from the Atlantic
Ocean have found light depletion of 3-7% per meter (Clarke and
Wertheim, 1953), and in coastal waters with suspended particles
such as: plankton, runoff from rivers and other impurities, and
the light reduction can be even higher.

The common cuttlefish are known to be active during both day
and night (Watanuki et al., 2000), and some of their physiological
processes undergo circadian cycles in a way suggesting that
physical activity may actually increase at night (Jaeckel et al.,
2007). A study of the closely related giant Australian cuttlefish
(Sepia apama) at their spawning grounds found that they ceased
sexual signaling and reproductive behavior at dusk, and settled
to the bottom to camouflage themselves against the background
(Hanlon et al., 2007). Furthermore, similar observations of
the common cuttlefish in the laboratory revealed that they do
not only camouflage themselves at dusk, but also adapt their
camouflage patterns to their surroundings at night (Allen et al.,
2010). It has been proposed that common cuttlefish use this
behavior to avoid predators with excellent night vision, and/or to
increase their own hunting success at night (Allen et al., 2010).
The fact that common cuttlefish can camouflage themselves
successfully during night may reflect highly developed nighttime
visual abilities (Warrant, 2007; Allen et al., 2010). However, to
our knowledge, the kinematics of the rapid tentacular hunting
technique of decapod cephalopods have only been described in
daylight conditions. Therefore, it is currently unclear whether
common cuttlefish readily hunt during nighttime conditions, and
if so, whether they use the typical three-phase hunting strategy.

The tentacle seizure phase of squid and cuttlefish predatory
behavior is too fast to be studied in any detail by the naked eye.
Kier and Leeuwen (1997) therefore employed a high-speed film
camera in order to describe the kinematics of this phase in Loligo
pealei, and documented tentacle seizures reaching accelerations
as high as 250 m/s?. Additional studies confirmed the tentacle
striking to be quite stereotypic (Kier and Leeuwen, 1997). The
high-speed frame-capture methodology introduced by Kier and
Leeuwen is invaluable for fine-detail insights into the fast tentacle
strikes in cephalopods.

Accordingly, in the present study, we used high-speed
video recordings to evaluate the prey capturing techniques in
individuals of common cuttlefish at different light levels. The
examined light levels were day- and two nighttime conditions, as
well as complete darkness. The purpose was to elucidate whether
high versus low light conditions influenced the hunting technique
and tentacle fast-seizure characteristics of common cuttlefish.

MATERIALS AND METHODS

Experimental Animals

Five juvenile common cuttlefish with mantle lengths of
78 £ 7.6 mm (standard deviation) were used in the experiment.
They were provided by @resund Aquarium, University of
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Copenhagen, and kept in 70 I holding glass aquariums with
a closed seawater system (salinity 33-35%0 and temperature
18-20°C). The common cuttlefish were fed mysids (Praunus
flexuosus) and shrimps (Crangon crangon, Palaemon adspersus,
and P. elegans) two times daily.

Experimental Setup and Protocol

The experiment was carried out at Drebak Marine Biological
Station, University of Oslo, Norway. Common cuttlefish
were tested in a transparent plexiglas aquarium (dimensions:
20 x 40 cm) with a water depth of 10 cm. Prey capture
attempts were recorded under four light conditions, which we
broadly refer to as daylight, moonlight, starlight night, and
darkness below. We measured these light conditions in three
ways. We used an Ocean Optics QE65000 spectrometer to
describe the spectral distribution of the light sources, a Thorlabs
PM100A Power meter to measure the gross flux of light over all
wavelengths combined of the light sources and an Extech EA30 to
make readings in lux. Lux is a standard measurement for light as
perceived by the human eye. The spectral sensitivity of the human
eye and eye of the common cuttlefish predominantly overlap, but
common cuttlefish have a somewhat higher sensitivity for shorter
wavelengths compared to human photopic vision, more similar to
human scotopic spectral sensitivity. Conversions from irradiance
to illuminance are only possible if the spectral distribution of
the cuttlefish eye is compensated for. For the purposes in this
study, spectral distributions of the light sources are biased toward
longer wavelengths within the cuttlefish visual spectrum. We
therefore argue that this bias will not produce any false positive
results, since the vision of common cuttlefish peaks at shorter
wavelengths and therefore will receive less light than actually
reported in the different test conditions here. Experiments in
daylight were conducted during the daytime, while testing in the
other three light regimes were performed during the night to not
disrupt the diel cycle of the test animals.

The test aquarium was shielded by a non-translucent box
with a removable top. For daylight experiments, the top of the
box was open, while it was closed during the three other light
regimes. Three near-infrared lamps (model 995JH) provided
sufficient light inside the box for high speed filming. Two of the
IR-lamps were placed at one side of the aquarium and one at
the opposite side.

The daylight experiments were conducted with natural light
entering the experimental room through several large windows
and with fluorescent ceiling lights (3000 K) turned on. Light
intensities at the site of the experimental animal, i.e., inside the
test aquarium and shielding box, and were approximately 200 lux.
Even though natural sunlight was the main light source in the
daylight experiments, the shielding box provided a distinctive
reduction of the intensity, thus causing the relatively low daylight
intensity of 200 lux. The lower light level, obtained by the
shielding box, was deliberately chosen in order to reduce the
stress of the animals and reduce the risk of affecting their eyes
in ways that could potentially reduce their capacity to hunt in
dimmer light conditions later.

Moonlight experiments were conducted with the laboratory
ceiling lights off and with the experimental room shielded from

ambient light. The three IR-lamps did not produce an even
distribution of light in the test aquarium. The highest value,
0.3 lux, was obtained when the light sensor was directly facing the
center of the IR-lamp at the typical “mysid -IR-lamp” distance of
35 cm during experiments. At other positions, the illuminance
was around the Extech EA30 detection limit of 0.01 lux. We
also measured the IR-lamps using the Thorlabs PM100A Power
meter and the Ocean Optics QE65000 spectrometer. The light
intensity peaked at 850 nm, in the infrared part of the spectrum,
thus not detectable for humans and common cuttlefish. Low
intensities, from approximately 0.5-1% of the entire energy
spectrum, was found to be from 700-765 nm, which are partly
within the cuttlefish visible spectrum (Figure 1). The three
IR-lamps provided an irradiance of 3 W/m?, or less than
0.003 lux at the spectral range of the common cuttlefish. This
corresponds to moonlight intensities in the cuttlefish visual
spectrum from 380-740 nm.

Starlight experiments were performed similarly to the
experiments in moonlight but adding a custom-made filter to the
IR-lamps. The filters reduced the visual light to the extent that
it was not possible to measure directly at relevant experimental
distances (35 cm). Measurements very close to the IR-lamp
revealed that the filter reduced the visual light by more than
three orders of magnitude to an estimated 10~° lux during the
experiments at relevant distances.

For the experiments in darkness, the experimental set up was
identical to the experiments in starlight with the only exception
that the LED lamps were turned off and the only source of
illumination was a near-IR laser (Olng 300 L). This laser was
equipped with a custom-made filter to spread the laser beam. The
laser has a very narrow spectral band (peak 810 nm) and very little
stray light compared to the LED lamps. As common cuttlefish are
not known to detect IR light, this experiment was performed in
complete darkness from the common cuttlefish’ point of view.

2
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FIGURE 1 | Spectral analysis of the near-infrared lamps used in the trials.
Gray line is laser and black line LED. Peak intensity of the LED lamp is at
around 850 nm. Approximately 1% of the intensity is between 700-765 nm.
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The video camera was placed one meter above the aquarium
providing a two-dimensional top view of the prey-capture
sequence. Video recordings were performed using an IR-sensitive
Mikrotron EoSens MC1362 camera and Inspecta-5 PCI-X frame
grabber card. For day- and moonlight experiments we used
1,000 frames per second (fps), and for starlight and darkness
25 fps due to the limited available light. The lower frame rate
during experiments in starlight and darkness did not allow for
detailed, kinematic analyses. Monitoring of the test animal during
experiments was done on a monitor connected to the high-
speed camera.

Prey items (mysids, approximately 20 mm in length) were
introduced into the aquarium through a small gate in the box.
Prey were introduced with at least 15 min between each session.
Test continued until the cuttlefish showed no more interest in the
prey. Animals were used in only one trial sequence, and were
kept in the experimental setup for a maximum of 24 h. The
three different light settings were chosen in a random order in
consecutive trials.

A total of 33 day-, 40 moon-, and 12 starlight prey
capture events were recorded. In addition, 2 darkness trials were
conducted. For the present study, 8 prey-capture sequences from
daylight (with three different cuttlefish, n = 3), and 11 from
moonlight experiments (with four different cuttlefish, n = 4)
were selected for analysis using the following criteria: (1) Neither
cuttlefish nor mysid were in touch with the side walls of the test
tank; (2) Cuttlefish and mysid were at the same depth (near the
bottom), assessed from visual inspection of the eye position of the
cuttlefish; and (3) Cuttlefish tentacles were clearly visible during
the entire prey capture sequence.

In addition, control trials were conducted to ensure that the
cuttlefish did not rely on other sensory abilities than eyesight
while hunting for prey under low light conditions. A live mysid
was placed in a glass jar and sealed with a lid before it was placed
in the test aquarium. In control trials, the cuttlefish was able to see
the mysid, but all olfactory and mechanical/vibrational cues were
eliminated. These controls were conducted during day- (n = 1)
and moonlight (n = 1) conditions.

Video Analysis

Video sequences were tracked in Image] (1.47) using the MTrack]
plugin (Meijering et al., 2012). Movements of the cuttlefish body,
arms, and tentacles and the movement of the mysid were tracked
on each video sequence in steps of 4 ms. During tentacle striking,
tracking time steps were reduced to 1 ms in order to capture
the very rapid tentacle movements during this phase. Tracking
started 100 ms prior to the strike, and continued until 12 ms after
the tentacles had made contact with the mysid.

The Image]J tracking program provided raw numerical data for
kinematic analysis. The distance between two tracking points was
given by a basic distance formula. From the distances between
tracking points, the velocity was calculated and smoothed over 5
consecutive measurements. Acceleration was calculated from the
smoothed velocity data.

Statistical analysis was performed using GraphPad Prism
version 8.0.2. Data from daylight and moonlight conditions were
compared using a nested t-test, with the measurements from

trials made with the same individual cuttlefish nested under
each specimen.

RESULTS
Prey Capturing Phases

Every selected hunting sequence in day-, moon-, and starlight
conditions roughly followed the same pattern in the way the
cuttlefish changed its attention, positioning and finally seized the
moving prey (Figures 2, 3).

The day- and moonlight trials showed no significant difference
in all three phases of predatory behavior. During the attention
phase (Figure 2A) the cuttlefish detected and fixated on the prey
while the body moved to a position where the tip of the 10 arms
faced the prey. During the positioning phase (Figure 2B), the
cuttlefish slowly approached the prey while slowly extruding the
tentacles with an average velocity of 0.13 m/s (SD = 0.05, 19 video
sequences from four cuttlefish; n = 4). The tentacles were kept
closely together during the initial phase of the fast extension but
opened in front to expose the suckers in the final phase when the
tentacles made contact with the prey (Figure 2C). The outermost
part of the tentacle tip stayed together (as visibly in Figure 2C
frame 1). The split between the tentacles extended backwards
toward the animal and was total when retraction of the prey
began (Figure 2C).

During the experiments in starlight, the cuttlefish still readily
performed typical three stage hunting and prey capture behaviors
as illustrated in Figures 3A-C. Even though conditions of
observations were significantly worse in these trials (due to the
low light conditions and low frame rate), it was clear that fast
tentacle seizure behavior involved an attention phase (Figure 3A)
with the cuttlefish orienting toward the prey. Notably, all mysids
were in their normal head up and tail down orientation, and
thereby still in a visual behavior mode (see darkness section
below). The attention phase in the cuttlefish was followed by
a positioning phase (Figure 3B) and a tentacle seizure phase
(Figure 3C). Overall, tentacle seizures in the starlight trials
appeared very close to the day- and moonlight tentacle seizures,
but reliable seizure velocity and acceleration values were not
possible to obtain due the low frame rate.

In the darkness experiments, cuttlefish responded to the very
low light levels with a complete inhibition of prey searching
behavior and prey capture. Instead, they started to express
a state of “panic-like” confusion by swimming uncontrolled
around the aquarium. In addition, during these trials the
mysid showed a clear change in their behavior by changing
from the upright body position to a near horizontal body
orientation and active swimming around the test tank. This
was a behavior never seen in the day-, moon- and starlight
trials. Thus, both the cuttlefish and the mysid shrimp showed
distinctly changed behaviors when deprived of all visual light
in the laboratory.

Experimental Control Trials
Control trials contained a living mysid in a sealed glass jar. Both
in day- and moonlight conditions, the cuttlefish were attacking
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picture.

FIGURE 2 | Example of a prey capture sequence of a cuttlefish hunting during moonlight conditions, the time in ms is stated below the pictures. Top row: Attention
phase, starting by the cuttlefish detecting the prey and ending by having aligned the body axis in the direction of the prey. There are intervals of 5 ms between the
pictures. Middle row: Positioning phase, starting with the cuttlefish slowly moving to the preferred distance to the prey, slowly ejecting the tentacles. There are
intervals of 2 ms between the pictures. Bottom row: Seizure phase. The tentacles are ejected very rapidly in an all or nothing fashion. There is 1 ms between every

the mysid in a similar way as when the mysid was swimming
freely (Figure 4).

Kinematics of Capturing Sequences

The detailed movements of cuttlefish and prey were very similar
in day- and moonlight trials (Figure 5). Figure 5A shows the
distance between the tip of the cuttlefish tentacle and the body of
the prey during the positioning and seizure phases. The timing
of the sequences is synchronized so that the instant when the
tentacles touch the mysid is 0. The tentacular seizure occurred
after an average of 88.0 &= 0.5 ms (8 video sequences from three
cuttlefish, n = 3) in daylight, and 90 & 1.6 ms (11 video sequences
from four cuttlefish, n = 4) in moonlight trials. The distance

between the tip of the tentacles and the prey (seizure distance)
was 22.96 £ 3.3 mm (8 video sequences, n = 3) for seizures
in daylight and 17.87 £+ 4.0 mm (11 video sequences, n = 4)
in moonlight. There was no significant difference between the
mean time or distance upon tentacle seizure (nested t-test, P
value = 0.08, df =5, t = 1.8 and p = 0.13).

Before the tentacle made contact with the mysid, the velocity
of the prey remained constant at 0.04 £ 0.01 m/s in both
day- and moonlight trials. After contact, the mysid velocity
increased rapidly to 0.9 & 0.4 m/s (Figure 5B). Throughout the
entire capturing sequence, the velocity of the cuttlefish body was
approximately 0.13 £ 0.04 m/s (19 video sequences, n = 4) for
both day-, and moonlight trials (Figure 5C).
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FIGURE 3 | Prey capture experiments of cuttlefish with prey enclosed in a jar in moonlight conditions. The cuttlefish displays the same stereotypic behavior as when

hunting free-swimming animals. The time in ms is stated below the pictures.

When tentacle seizures were initiated, tentacle velocities
and accelerations increased rapidly. The maximum velocity
was 2.34 £ 0.27 m/s (8 video sequences, n = 3) in daylight
and 2.03 £ 0.11 m/s (11 video sequences, n = 4) in
moonlight (Figure 5C). The mean velocities were significantly
different (Nested t-test, P value = 0.07, df = 5 and
t = 2.3). The corresponding mean maximum accelerations were
418.3 £ 33 m/s? (8 video sequences, n = 3) in daylight and
366.3 & 18.5 m/s? (11 video sequences, n = 4) in moonlight. The
mean accelerations were significantly different (Nested t-test, P
value = 0.03, df = 5 and ¢ = 3.0).

DISCUSSION

The experiments showed that common cuttlefish prey capture
behavior are not restricted by low light levels. The common
cuttlefish successfully captured mysids during the three
different simulated light levels; daylight, moonlight and starlight
(Figures 2, 3, and 5), with very little difference in the common
cuttlefish prey capture behavior between daylight and moonlight.
The unchanged behavior during the starlight trial (Figure 4),
combined with no successful prey captures and drastically
changed behavior during the trials in complete darkness, indicate
the importance of visual cues during predatory behavior.

FIGURE 4 | Cuttlefish catching an alive and free-swimming mysid during
starlight conditions. The quality of the video is significantly reduced due to the
very low light intensities. The location of the mysid is marked with a red dot.
The cuttlefish displayed the same stereotypic hunting behavior as it did in day-
and moonlight conditions.

Besides vision, cephalopods have very complex sensory
systems, e.g., the sense of touch (Kier and Leeuwen, 1997; Hanlon
and Shashar, 2003), and an olfactory organ (Polese et al., 2016).
Earlier experiments indicate that common cuttlefish rely on
mainly visual cues when hunting, since physically blinding
cuttlefish resulted in a significant drop of attack rates (Messenger,
1968). It is unclear, however, to what extent Messenger’s (1968)
results were confounded by behavioral changes in the blinded
common cuttlefish, due to the rather brute-force method used.
Still, our darkness experiments corroborates Messenger’s (1968)
conclusions: When the common cuttlefish was deprived of any
visual cues, they were not able to forage even though all other
sensory cues were available.

During the daylight tests, common cuttlefish readily attacked
the mysid shrimp employing the typical three-phase hunting
strategy previously described in all other studied species of
cuttlefish and many other species of decapodiform cephalopods
(Figure 2; for an extensive review see Hanlon and Messenger,
2018). The maximum tentacle strike accelerations were
similar, albeit sometimes higher, than the ones measured
in L. pealei (see Kier and Leeuwen, 1997). The higher
tentacle acceleration in common cuttlefish may indicate
that this species is capable of catching faster moving prey
than L. pealei, but this hypothesis needs to be validated in
further experimentation. The tentacle velocity and acceleration
were significant higher during day- than moonlight trials
(Figure 5). Thus, even though the common cuttlefish performed
similar hunting behaviors, there were some differences in
the prey capturing techniques for our simulated day- and
nighttime light levels.

Our results indicate that common cuttlefish might be
able to navigate and forage at nighttime and in low-light
environments. This strongly supports the notion that cuttlefish
may perform advanced behaviors, including foraging and actively
camouflaging themselves during nighttime (Watanuki et al,
2000). When all light cues were eliminated, the behavior of the
common cuttlefish changed drastically, and did not seem to be
able to catch any prey. We believe that a sensation of complete
darkness in combination with a rather “sterile” aquarium, with no
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FIGURE 5 | Plots of kinematics of prey capture strikes. Black lines represent daylight, red moonlight conditions. Time, t = 0, is defined as the video frame where the
tentacle reaches the prey. (A) Distance between the tip of the cuttlefish’s tentacles and the prey’s head. (B) Velocity of the prey. (C) Velocity of the cuttlefish body.

(D) Velocity of the tip of the tentacle. (E) Acceleration of the tip of the tentacle.

hiding places, might have been discomforting to the test animals,
and that this was the cause of their altered behavior.

The behavior of the prey was similar in all trials, regardless
of lighting. This implies that the movement of the prey did
not affect the common cuttlefish approach during different light
conditions. The body of the cuttlefish did not seem to alter
its velocity throughout the entire attack sequence (Figure 5B).
This might also indicate the stereotypic nature of the common
cuttlefish’s hunting strategy. While the tentacles were slowly
extruded toward the mysid, the rest of the cuttlefish body stayed
motionless. The reason why this strategy is so efficient may be
due to the prey keeping its attention on the cuttlefish body,
missing the fact that the almost see-through tentacles are slowly
approaching the prey.

The high catching performance of common cuttlefish in
the low-light levels tested here strongly indicates that common
cuttlefish can forage during very limited light conditions. The

most important sensory stimulus used during foraging behavior
are visual cues, even during very limited light conditions.
Common cuttlefish may therefore be more active at night
than what has previously been assumed. This may also explain
why common cuttlefish actively adjust their camouflage during
nighttime (Watanuki et al., 2000). We encourage studies in the
wild, without the use of artificial light sources in the visible
spectrum, to verify that even at that Dark Hour, tiny marine
creatures might be both embracing death and being embraced -
by our heroes: the true knights in the dwindling lights of the
ocean nights (Shakespeare, 1626).
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Visual attack for prey capture in cuttlefish involves three well characterized sequential
stages: attention, positioning, and seizure. This visually guided behavior requires
accurate sensorimotor integration of information on the target’s direction and tentacular
strike control. While the behavior of cuttlefish visual attack on a stationary prey has been
described qualitatively, the kinematics of visual attack on a moving target has not been
analyzed quantitatively. A servomotor system controlling the movement of a shrimp prey
and a high resolution imaging system recording the behavior of the cuttlefish predator,
together with the newly developed DeeplabCut image processing system, were used
to examine the tactics used by cuttlefish during a visual attack on moving prey. The
results showed that cuttlefish visually tracked a moving prey target using mainly body
movement, and that they maintained a similar speed to that of the moving prey right
before making their tentacular strike. When cuttlefish shot out their tentacles for prey
capture, they were able to either predict the target location based on the prey’s speed
and compensate for the inherent sensorimotor delay or adjust the trajectory of their
tentacular strike according to the prey’s direction of movement in order to account for
any changes in prey position. These observations suggest that cuttlefish use the various
visual tactics available to them flexibly in order to capture moving prey, and that they are
able to extract direction and speed information from moving prey in order to allow an
accurate visual attack.

Keywords: tentacular strike, sensorimotor integration, visual prediction, DeepLabCut, Sepia pharaonis

INTRODUCTION

Cephalopods (octopuses, cuttlefish, and squids) are highly visual animals, and most of their
behaviors are visually driven (Hanlon and Messenger, 2018). During hunting behavior, unlike
octopuses, which predominately use monocular vision and arms to grab their prey (Maldonado,
1964; Messenger, 1967) cuttlefish and squids use binocular vision and a tentacular strike to capture
small fast-moving prey with great accuracy (Messenger, 1968; Kier and Leeuwen, 1997). This
visually guided behavior is akin to amphibian prey capture during which the tongue is projected
ballistically in order to seize the prey (Roth, 1976).

The predatory behavior of cuttlefish with respect to prawns has been described previously
(Holmes, 1940; Sanders and Young, 1940; Wilson, 1946; Boulet, 1958; Wells, 1958). However,
Messenger (1968) was the first to systematically examine the visual attack of cuttlefish and
characterize the sequence of preying behavior into attention, positioning, and seizure. In the
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attention phase, the whole animal turns to face the prey and aligns
its anterior-posterior body axis with the prey via convergent eye
movement, a form of stereopsis (Feord et al., 2020). During
the positioning phase, the cuttlefish swims toward or away
from the prey until it is roughly one mantle length away
from it. In the seizure phase, the animal shoots out tentacles
quickly to capture the prey with its suckers and then retracts
the tentacles to bring the prey to the arms and mouth. From
existing evidence, it has been suggested that the seizure phase
is under open-loop control without visual feedback (Messenger,
1968). While cuttlefish usually track moving prey visually and
attack the prey when it has stopped, they are also able to
capture continuously moving prey. This demands a faculty for
visual prediction that can compensate for the animal’s inherent
sensorimotor delay in relation to the visual attack (Borghuis
and Leonardo, 2015). Alternatively, cuttlefish may correct the
trajectory of the tentacular strike whilst carrying out the attack,
and this may require a closed-loop control system with sensory
feedback. Furthermore, it is well known that the prey capture
tentacles of squid and cuttlefish lack rigid skeletal elements;
rather they consist of a three-dimensional array of muscle
fibers called a muscular hydrostat. This hydrostat allows the
tentacular strike to be actively controlled and maneuvered (Kier,
2016). The foregoing suggest that cuttlefish are ideal animals
for the study of sensorimotor integration during dynamic prey
capture behavior.

To systematically assess the visual attack of cuttlefish on
moving prey and characterize the kinematics of their preying
behavior, we designed a programmable servomotor system to
control the movement of a shrimp target and linked this to an
imaging system with infrared sensitivity that is able to record
the animal’s behavior. Using DeepLabCut (Mathis et al., 2018;
Nath et al, 2019), a markerless pose estimation system that
integrates deep learning, we were able to quantitatively analyze
the visual attack of cuttlefish on moving prey and showed that
cuttlefish use a number of different tactics when capturing a
moving target and that the nature of their tentacular strike is
sufficiently flexible that it is able to take into account and adjust
for movement by the prey.

MATERIALS AND METHODS

Animals

Sub-adult pharaoh cuttlefish Sepia pharaonis (mantle length,
6-10 cm) were reared from eggs collected at I-Lan, Taiwan.
These cuttlefish were transported to the National Tsing Hua
University and maintained in the laboratory using two close-
circulation aquarium systems (700 1 each; water temperature,
23~25°C). The animals were housed individually in plastic
containers (45 cm x 23 cm x 24 cm) inside the aquarium
with water exchange. They were fed live post-larval white
shrimp, Litopenaeus vannamei, or, alternatively, freshwater
shrimp, Neocaridina denticulate, at least three times per day. The
photoperiod of the aquaculture system was a 12/12 h light/dark
cycle that used six ceiling full spectrum LED lights (7.5 W

each; see the website for LED spectrum'). In total, 22 cuttlefish
were used during the course of the present study, but only 10
animals expressed attention to the moving prey. Among them,
five cuttlefish made successful tentacular strikes against moving
targets during the experiments, and the other two cuttlefish
initiated tentacular strikes but failed to seize the prey. All animals
showed attention to the moving prey were summarized in
Table 1. Although the reason that the rest of 12 cuttlefish did not
respond to the moving prey was not known, it may be a result
of stress in a confined environment during the experiment. As
a consequence, the animal/repetition number was relatively low
in the present study, given the difficulty of maintaining healthy
cuttlefish in the lab for a long period of time and constraining
the animal in a small tank during the experiment. Nevertheless,
these focal observations provide key features of cuttlefish’s visual
attack on the moving prey. This research was approved by the
Institutional Animal Care and Use Committee of the National
Tsing Hua University (Protocol # 108047).

Experimental Setup

The configuration of the imaging system is shown in Figure 1A.
The whole system was placed on a shockproof table to
stabilize the image during data acquisition. To enhance
image contrast and to reduce ambient light intensity, infrared
illumination invisible to the cuttlefish was provided from
below to create a cuttlefish silhouette against a lighted
background. The experimental tank was made of thick acrylic
(35 cm x 38 cm x 12 cm). The bottom of the tank had a sheet

Uhttps://philips.to/2FYUSCx

TABLE 1 | Summary of all cuttlefish used in the present study.

Animal Trial Strike Strike Attention Figure  Supplementary
attempt success time (s) Movie
in each
episode
A 1 Yes Yes 2.6* 6 1
B 1 Yes Yes 5.7* 2
C 1 Yes Yes 3.9* 3
D 1 Yes Yes 34.7,7.3* 8 4
2 Yes Yes 13.7* 3 5
3 Yes Yes 5.3* 7 6
4 Yes Yes  24.3,35.3, 7
12.5, 33.0*
E 1 Yes Yes 8.5, 3.6" 8
F 1 Yes No  24.8*,12.9 9
G 1 Yes No 17.7%,23.3 10
2 No No  18.2,42.0,
125
3 No No 19.0
H 1 No No 12.1,6.7,
5.1
2 No No 31.7,13.8
| 1 No No 6.9
J 1 No No 11.6,5.7

*Attention followed with a strike attempt.
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FIGURE 1 | The experiment setup. (A) The tank and imaging system for recording cuttlefish predatory behavior. The specific components included: (a) a high speed
camera, (b) white light LEDs, (c) an adjustable neutral density filter, (d) a light diffuser screen, (e) a diffuser plate, (f) infrared LEDs, and (g) a shockproof table. (B) The
motor system for controlling prey movement consisted of: (h) a servomotor and (i) a prey-starting area. The shrimp was attached to a steel rod via a hook, and the
back-and-forth movement was programmed via Arduino to control the sliding rail driven by the servomotor. The prey-starting area was covered by a black screen to
prevent cuttlefish from seeing and accessing the shrimp in this area. (C) The live view of the hooked shrimp from the perspective of the cuttlefish in the experimental
tank. Note that the servomotor control system and the steel bar are completely invisible behind the black wall, and only the shrimp is visible to the cuttlefish. Scale

(i)nmnnans

of a brown paper and a semi-transparent film attached from
the outside as a diffuser, and the inside walls of the tank were
covered with a matted surface film to reduce light reflection. A set
of white LED lights (15 W) with a plastic diffuser was used to
provide an even illumination of the animal from above. A high-
speed monochromatic 10GigE camera (HT-4000-N, Emergent
Vision Technologies, Canada) with a 35 mm lens (HF-3514V-
2, Myutron Inc., Japan) was fixed on the top using a rack
that included a two-axis manual translation stage (ThorLabs,
Newton, NJ, United States); this allowed flexible maneuvering
of the camera. In addition, an adjustable neutral density filter,
which was made up of two circular polarizers, was placed in
front of the lens to reduce the light intensity within the visible
range; this also removed ripples and reflections from the water
surface, which improved the image quality significantly. The
whole system was enclosed within a black tent to eliminate
any human disturbance during the experiment. The camera was
connected to a specialized 10G adapter board (Myricom, Arcadia,
CA, United States) that was part of an Intel based PC computer;
this computer had a high-speed solid state drive (v-NAND SSD
970 Pro NVMe M.2, 1Tb, Samsung, South Korea) for image
storage and a high performance graphics card (Geforce RTX

2070s, ASUS, Taiwan). This PC was thus suitable for deep layer
artificial neural network training.

The motor control system, which provided programmable
one-dimensional horizontal movement of a prey target, is shown
in Figure 1B. The system consisted of a servomotor (WLC
stepping motor, Taiwan) and a sliding rail that was connected to
a steel rod with a hook at one end for attaching the prey. The
servomotor was connected to a programmable Arduino board
(UNO, Somerville, MA, United States) and this allowed the prey
to move back and forth at two constant speeds. Specifically,
the prey was moved slowly (ca. 25 mm/s) in one direction,
and suddenly reversed and moved fast (ca. 75 mm/s) in the
opposite direction. To prevent any vibration produced by the
servomotor from affecting the stability of image acquisition, the
motor control system was placed on a separate table next to the
shockproof table used for the imaging system. In addition, to
prevent the cuttlefish from seeing the steel rod and the sliding
rail, the motor control system was covered by black cloth and
only the prey was visible to the cuttlefish in the experimental
tank (Figure 1C).

The images were acquired using high-speed digital video
recording software (StreamPix 7.0; NorPix, Canada) with an
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FIGURE 2 | Labeling for DeepLabCut training and angular parameters for data analysis. (A) The labeled body parts of the cuttlefish during the DeeplLabCut training
were the left and right eyes (blue circles), the left and right tentacle club tips (green circles), and the dorsal mantle end (yellow circle). Similarly, the labeled body parts
of the shrimp prey during training were the left and right eyes (red dots), the hook site (white dot), and the tail (blue dot). Scale bar, 5 cm. (B) The angular parameters
used in the image analysis. The visual attack angle a was the difference between the prey direction (yellow dashed line) and the cuttlefish anterior-posterior axis (gray
dashed line). The tentacular strike angle § was the difference between the tentacle direction (green dashed line) and the cuttlefish anterior-posterior axis. The eye
angle B was the difference between the ocular axis (blue dashed line) and the cuttlefish anterior-posterior axis.

image size of 2048 x 2048 pixels at a speed of 90 frame
per second. The images were recorded in TIFF format on the
high-speed SSD hard drive. Image preview was carried out
using Image]J (1.52a; National Institute of Health, United States)
and further processing was done using MATLAB (Mathworks,
Natick, MA, United States).

Experimental Procedure

To motivate cuttlefish to prey on the moving prey, the animals
were starved for 8-16 h before experimentation. Each cuttlefish
was put in the experimental tank and allowed for acclimation
at least 30 min. After the cuttlefish was settled down, judged
by reduced ventilation rate and fin movement, the moving prey
was appeared and started the back and forth movement pattern.
The response of cuttlefish to the presence of the moving prey
was recorded for the entire session (120 s) or until the cuttlefish
captured the prey. If the cuttlefish did not respond to the moving
prey in three consecutive sessions, the trial was aborted for the
day. If the cuttlefish made a successful tentacular strike on the
moving prey, it was allowed to rest for at least 10 min before
starting a new trial (e.g., Animal D in Table 1). During the
experiment, fresh seawater was slowly flowing into the tank and
replaced some of seawater to ensure the oxygen and temperature
levels constant.

Image Analysis

To quantitatively analyze the visual attack behavior of cuttlefish
efficiently, DeepLabCut, a markerless pose estimation system
based on transfer learning with deep neural networks using the
Python programming environment (Mathis et al., 2018; Nath
et al., 2019) was used to track the various body parts of both the
cuttlefish and its prey, frame by frame. The successful tentacular

strike videos with sufficient number of frames (typically 500
frames) that showed the full breadth of cuttlefish and prey
behavior were critical to the training dataset. In the present study,
the video images of four trials from one cuttlefish (Animal D
in Table 1) were used for the DeepLabCut training. The labeled
body parts of the cuttlefish during training included the dorsal
mantle end, the left eye, the right eye, the left tentacle club tip,
and the right tentacle club tip (Figure 2A). Similarly, the labeled
body parts of the shrimp prey during training included the left
eye, the right eye, the hook site, and the tail (Figure 2A). All
the labeling was done manually. Training typically proceeded for
more 500,000 iterations in order to reach each individual loss
plateau. Analysis of the performance was evaluated by computing
the mean average error (MAE; which is proportional to the
average root mean square error) between the manual labels and
the ones predicted by DeepLabCut. This allowed for the exclusion
of any occluded body parts from the probabilistic output of
the score map that reported whether a body part was visible in
each frame. The trained network was then used to analyze all
experimental videos that included successful tentacular strikes
(see the Supplementary Movies 1-8), failed attempts (see the
Supplementary Movies 9, 10), and attention but no strike ones
(Table 1). The output was a data sheet that contained the x and
y pixel coordinates of each labeled body part of each cuttlefish
and shrimp in all frames of the video image. For unknown
reasons, there were some mislabeled points on the cuttlefish in
a small number of the image frames analyzed by DeepLabCut.
In these instances, the x—y coordinates were corrected by linear
interpolation. The above dataset was then used to compute the
distance and angularity between the cuttlefish and the shrimp
as well as cuttlefish’s horizontal speeds and angular parameters
during each strike. Specifically, the visual attack angle «, the
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FIGURE 3 | Cuttlefish track the moving prey before initiating the tentacular strike. (A) The shrimp was moved back-and-forth continuously with a faster rightward
movement (dark blue arrow) and a slower leftward movement (light blue arrow). The cuttlefish usually followed the movement of the shrimp before making the
tentacular strike. (B) The horizontal distance covered by the shrimp (blue line) and the cuttlefish (orange line) as a function of time. The cuttlefish moved close to the
shrimp and then made the strike on it. The yellow shaded area indicates the period of the tentacular strike. (C) The horizontal movement speed of the shrimp (blue
line) and the cuttlefish (orange line) as a function of time. The cuttlefish moved relatively slowly before making the strike. (D) The visual attack angle a of the cuttlefish
as a function of time. The cuttlefish reduced the visual attack angle before making the strike. (E) The eye angles B of left and right eyes (brown and purple lines) as a
function of time. The cuttlefish maintained relatively constant eye angles throughout visual attack. See Supplementary Movie 5 for details.

tentacular strike angle 3, and the eye angle p were derived from
the data (Figure 2B).

Statistics

The Wilcoxon matched-pairs signed rank test was used to
compare the cuttlefish moving velocity at two different prey
movement speeds. The Mann-Whitney U test was used to assess
the difference between the attention time of cuttlefish with and
without tentacular strikes. It was also used to evaluate the data
spread of cuttlefish’s visual attack distance and body axis angle
relative to the prey, as well as the extent of left and right eye
angle changes AP during the visual attack. All statistics were
conducted in MATLAB.

RESULTS

Cuttlefish Visually Track Moving Prey
With Body Movement Before the

Tentacular Strike
To capture a moving prey, cuttlefish have to constantly re-
position themselves relative to the prey location before initiating

the tentacular strike. It is apparent from our analysis that
cuttlefish often moved laterally via fin movement and thus were
able to maintain a speed that is similar to that of the prey
when it moved slowly (Figures 3A,C; see also Supplementary
Movies 1-8). Furthermore, cuttlefish specifically moved close to
the shrimp before making their strike on the prey (Figure 3B).
It was also observed that the cuttlefish reduced the visual attack
angle o before making their tentacular strike (Figure 3D).
This maneuver involved coordinated body movement, and
this allowed the cuttlefish to visually track the moving prey
while at the same time keeping the prey aligned with their
anterior-posterior body axes. Interestingly, there was less eye
movement observed when the cuttlefish actively tracked the
moving prey, as the eye angle B was kept relatively steady
throughout the visual attack (Figure 3E). This behavior is
equivalent to the attention and positioning phases that cuttlefish
deploy during a visual attack on a stationary prey target
(Messenger, 1968).

Despite the cuttlefish attempted to keep up with the prey
movement when it moved slowly, they were not able to follow
the moving prey when it moved fast (Figures 3C, 4A). The
horizontal speed of cuttlefish movement was actually decreased,
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rather than increased, when the prey moved fast during the
attention phase; and this difference was statistically significant
(p = 0.0038; Figure 4A). This finding suggests that cuttlefish
attempt to keep up with the prey speed only when the prey
moves slowly. Interestingly, it was also found that the attention
time before initiating the tentacular strike varied a lot, ranging
from 2.6 to 33.0 s, and it was not significantly different from the
attention time of the episodes without the attempt of tentacular
strikes (p = 0.0985; Figure 4B). This finding suggests that the
duration of the attention phase is independent of the decision of
the tentacular strike. Although we only observed two attempts of
tentacular strike without successful capture of the prey (Table 1;
see Supplementary Movies 9, 10), the attention time before
making the strike seemed relatively longer (24.8 and 17.7 s; red
dots in Figure 4B).

Cuttlefish Initiate the Tentacular Strike at
Different Angles and Distances From the
Moving Prey

Mobile prey are able to move in different directions at various
speeds and with different temporal patterns. In the stationary
prey condition, after the attention and positioning phases,
cuttlefish typically keep themselves in front of the prey, and
roughly one mantle length away from it, before initiating the
tentacular strike (Messenger, 1968). However, under moving
prey conditions, cuttlefish were found to make a visual attack
at a variety of angles and distances from the prey location
(Figure 5A), and the spread of data was not significantly
different from the norms (p = 1.0, one mantle length of
the prey in Figure 5B; p = 1.0, perpendicular to the prey
moving direction in Figure 5C). This suggests that cuttlefish
are able to freely use various different tactics when capturing
a moving prey. Furthermore, the extent of left and right eye
angle changes AP during the visual attack was significantly
smaller when compared with AP observed immediately after
the presence of the prey (Figure 5D; left eye AP 17.3 degree,
p = 0.0444; right eye AP 16.7 degree, p = 0.0444). This
suggests that cuttlefish use less eye movement when tracking
the moving target during the visual attack. Interestingly, it
was observed that cuttlefish did not always initiate their
tentacular strike when the prey was moving slowly; they were
also able to strike prey when it was moving at a fast speed,
though it only occurred one out of eight trials in the present
study (Figure 5E). This finding further supports the idea
that flexible tactics are used by cuttlefish during the visual
capture of moving prey.

Cuttlefish Visually Predict the Location
of Moving Prey Before Initiating Their

Tentacular Strike

To successfully seize a moving prey, the predator must be
able to compensate for any inherent sensorimotor delay before
initiating the visual attack. In other words, the predator must
anticipate the trajectory of the moving prey and accordingly
strike the prey at a predicted future position. Cuttlefish appeared
to be able to predict the location of their prey based on
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FIGURE 4 | Cuttlefish attempt to keep up with the prey speed only when the
prey moves slowly, and the time of the attention phase with or without
initiating a tentacular strike varies among individuals. (A) Average horizontal
velocities of individual cuttlefish during the attention phase at both slow and
fast prey-moving speeds. Cuttlefish maintained relatively similar speed when
the prey moved slowly, but reduced the body movement when the prey
moved fast. All 16 trials listed in Table 1 were used in the analysis. (B) The
attention time of individual cuttlefish with or without an attempt of the
tentacular strike. All 29 attention episodes listed in Table 1 were used in the
analysis. Note that the attention time of two strike attempts without successful
capture of the prey was marked by red dots.

binocular visual information that was obtained from their visual
system and then initiated the tentacular strike ballistically so
that the tentacles were able to land on the target with great
accuracy (Figure 6). This visual prediction seemed to occur
when cuttlefish were making a tentacular strike on a slow-
moving target.

Cuttlefish Wiggle Their Tentacle Clubs in
Order to Track a Fast-Moving Prey

Before the Seizure Phase

When prey are moving at faster speeds, cuttlefish would not
normally make a tentacular strike and they tend to wait until
the prey slows down before initiating their strike. However,
cuttlefish sometimes were found to wiggle their tentacle clubs
when tracking a fast-moving prey before the seizure phase
(Figure 7). This behavior may be involved in helping cuttlefish to
obtain information about the direction of prey movement, thus
increasing the probability of prey capture.

Cuttlefish Adjust the Trajectory of Their
Tentacular Strike During the Later Stage

of the Seizure Phase

In addition to visual prediction and tentacle wiggling, cuttlefish
were observed to adjust the trajectory of their tentacular strike
during the seizure phase. This was achieved by changing the
tentacle club angle 6 at the last instant of the seizure phase
(Figure 8). This observation suggests that cuttlefish are able to
use sensory information during the seizure phase and that there
is feedback control during their tentacular strike. Without this
adaptive maneuver, cuttlefish would be much more likely to miss
strikes on moving prey.
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FIGURE 5 | Cuttlefish attack the moving prey from different directions, distances, and speeds. (A) A schematic representation of all recorded cuttlefish visual attacks
captured during the present study. The blue arrow depicts the cuttlefish anterior-posterior axis and mantle length, whereas the green arrow indicates the tentacular
strike direction and length during the seizure phase. The yellow shaded area shows the tentacular strike zone. (B) The distribution of tentacular strike lengths
normalized to one mantle length. (C) The distribution of cuttlefish body axis angles relative to the moving prey. (D) The distribution of left and right eye angle changes
AB during the visual attack. (E) The distribution of tentacular strike timing relative to the moving prey. The horizontal movement distance of the shrimp as a function
of time (blue line). The green, red, and yellow lines represent the visual strikes shown in Figures 6, 7, and 8, respectively.
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DISCUSSION

Cuttlefish Use Flexible Tactics to
Capture Moving Prey

In the present study, the various types of preying tactics used
by cuttlefish to capture a moving target were revealed by
systematically controlling the speed and direction of moving
shrimp. In a manner different than those employed during
visual attack of a stationary prawn, in which the attention and
positioning phases of cuttlefish are sequential (Messenger, 1968)
visual attack on a moving prey requires cuttlefish to constantly
track the target, and in the process there is dynamic alternation
of the attention and positioning phases in order to prepare for
the final phase of prey seizure (Figure 3). Cuttlefish typically use
convergent eye movement and saccadic body movement to align
the moving prey with their body axis (Helmer et al., 2017) and
thus allow for accurate estimation of target distance. However,
it has been found that there was no significant eye movement
during the visual attack in the present study (Figures 3E, 5D), and
this suggests that both horizontal and rotational body movements
were the main maneuver used by cuttlefish to visually track the

moving prey. Interestingly, although cuttlefish could maintain a
similar speed when the prey moved slowly, they decreased or even
ceased movement when the prey moved fast (Figures 3C, 4A,
7B). This observation suggests that cuttlefish’s body movement
is not adapted to track a fast-moving target, thus visual attack is
most successful at stationary or slow-moving prey.

Previous studies have shown that cuttlefish rely on several
mechanisms to extract distance/depth information (Schaeffel
et al., 1999; Mathger et al., 2013; Josef et al., 2014; Helmer et al,,
2017). A recent study using the “anaglyph” glasses paradigm
to examine cuttlefish’s stereopsis demonstrated that they could
extract depth information from the disparity between left and
right visual fields, akin to the stereopsis mechanism found
in vertebrates (Feord et al, 2020). However, estimating the
distance of a moving target accurately whilst the cuttlefish itself
is moving is not an easy task. As a consequence, cuttlefish did
not always initiate their tentacular strike when a moving prey
is one mantle length away (Figure 5B), as is usually the case
when visually attacking a stationary prey (Messenger, 1968). In
addition, by choosing different visual attack angles with respect
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See Supplementary Movie 1 for details.

FIGURE 6 | Cuttlefish predict the moving prey location before making their visual attack. (A) The sequence of the cuttlefish’s visual attack behavior. The time stamp
on the top-right represents the recording time of each frame image in seconds. Scale bar, 5 cm. (B) The horizontal moving speed of the shrimp (blue line) and the
cuttlefish (orange line) as a function of time. The red triangles at the bottom of the x-axis indicate the recording time of each frame image. The yellow shaded area
depicts the period of the tentacular strike. (C) The visual attack angle a (yellow line) and the tentacular strike angle § (green line) of the cuttlefish as a function of time.
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to the trajectory of the prey, cuttlefish may be able to reduce
the need for accurate target distance estimation. In the present
study, cuttlefish sometimes struck at the target shrimp from an
oblique angle (Figure 5C), a tactic that increased the probability
of capturing a moving prey.

Finally, although cuttlefish frequently made their visual attack
when the shrimp was moving at a slower speed, they were also
able to initiate a tentacular strike when the shrimp was moving
at a faster speed or when the shrimp was near the instant
when the direction of movement was reversed (Figure 5E).
This observation suggests that cuttlefish are able to adaptively
adjust their target distance estimation, thus making them adept
at capturing a fast-moving prey. Taken together, these results
show that cuttlefish are able to freely choose from a variety of
visual attack tactics when attempting to capture a moving prey.
In future studies, it will be important to examine whether prior
experience and learning influence their choice of tactics and
whether such learning helps to maximize prey capture success.

Visual Prediction and Sensory Feedback
Facilitate Accurate Visual Attack on
Moving Prey by Cuttlefish

In contrast to visual attack on a stationary prawn by
cuttlefish during which the seizure phase has been suggested to

involve open-loop control without visual feedback (Messenger,
1968) visual attack on a moving prey requires cuttlefish to
compensate for the sensorimotor delay using one or more
predictive mechanisms before making their tentacular strike or,
alternatively, they may need to use feedback mechanisms during
prey seizure. To take prey movement into account, cuttlefish
must be able to predict the position of their prey at the instant
of tentacle club contact. In the present study, we found that some
cuttlefish visually aim for the shrimp at a future location before
initiating their tentacular strike (Figure 6). In a similar approach,
it has been suggested that tongue-projecting salamanders use
a mechanism involving motion extrapolation to predict the
position of walking prey (Borghuis and Leonardo, 2015). In
invertebrates, it has also been reported that the dragonfly and
fruit fly use visually guided motor planning in order to predict
a future event, such as prey interception or escape response
(Card and Dickinson, 2008; Mischiati et al., 2015). Based on
these previous studies, it seems likely that cuttlefish use similar
internal models to compensate for the sensorimotor delay that
is present during visual attack behavior. Although the neural
mechanisms underlying visual prediction are currently unknown,
a previous lesion study has shown that the anterior basal lobe -
previously implicated in orientation and positioning of the head,
arms, and eyes (Boycott, 1961) - is responsible for the control
of prey capture in cuttlefish (Chichery and Chichery, 1987). In
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before and during the seizure phase. See Supplementary Movie 6 for details.
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FIGURE 7 | Cuttlefish wiggle their tentacle clubs and this may help them estimate the location of the moving prey. (A) The sequence of cuttlefish visual attack
behavior. The time stamp on the top-right represents the recording time of each frame image in seconds. Scale bar, 5 cm. (B) The horizontal movement speed of the
shrimp (blue line) and the cuttlefish (orange line) as a function of time. The red triangles at the bottom of the x-axis indicate the recording time of each frame image.
The yellow shaded area depicts the period of the tentacular strike. Note that the cuttlefish remained relatively motionless while the shrimp was moving fast. (C) The
visual attack angle a (yellow line) and the tentacular strike angle 3 (green line) of the cuttlefish as a function of time. Note that the tentacular strike angle § alternated

future studies, it will be important to elucidate the brain area(s),
neural circuitry, and computational model(s) involved in this
predictive behavior.

When cuttlefish attempted to capture a fast moving prey, we
observed an interesting tentacle maneuver before the seizure
phase. This involved the wiggling of the cuttlefish’s tentacle clubs
left and right before initiating a ballistic strike to capture the
shrimp (Figure 7). This behavior has not been reported before,
and its function is currently unknown. We hypothesize that
the wiggling of tentacles might generate a flow of water and
that this enables the cuttlefish initiate mechanosensory detection
of surrounding objects. This behavior may help to keep the
attacking cuttlefish updated as to the position of a moving prey,
which would increase the success rate of prey capture. This is
akin to the lateral line system in fish which enables them to
perceive surrounding objects by sensing changes in the flow fields
generated around their bodies as they swim through the water
(Coombs et al., 1989).

In addition to visual prediction, it has been observed that
cuttlefish were able to correct the trajectory of their tentacular
strike at the last instant of the seizure phase and thus take

into account any prediction error (Figure 8). This finding
implies that cuttlefish are able to continuously monitor the
position of moving prey and that they are able to use sensory
feedback and a closed-loop control system to change their
motor output during their strikes. While the precise sensory
information used for this feedback control remains unknown, it
is likely that this is a mechanical cue rather than a visual one,
due to the extremely short response time involved. In future
studies, it will be important to identify the mechanosensory
system that is responsible for this feedback control during visual
attack by cuttlefish.

DeepLabCut as a Tool for the Kinematic
Analysis of Locomotion by Soft Body

Animals

The training carried out by DeepLabCut was vital to the success
of the present study. However, it was not without issues.
DeepLabCut was originally developed to track the locomotion
of jointed and rigid animals, such as mice and flies (Mathis
et al., 2018; Nath et al., 2019). Cuttlefish are soft-bodied animals.
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FIGURE 8 | Cuttlefish change their tentacle club direction at the last instant of the seizure phase. (A) The sequence of cuttlefish’s visual attack behavior. The time
stamp on the top-right represents the recording time of each frame image in seconds. The red dashed lines show the tentacle club angle 6 relative to the tentacle
axis. Scale bar, 5 cm. (B) The horizontal movement speed of the shrimp (blue line) and the cuttlefish (orange line) as a function of time. The red triangles at the
bottom of the x-axis indicate the recording time of each frame image. The yellow shaded area depicts the period of the tentacular strike. (C) The visual attack angle a
(vellow line), the tentacular strike angle 8 (green ling), and the tentacle club angle 6 (red line) of the cuttlefish as a function of time. Note that the tentacle club angle 6
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altered significantly during the final stage of the seizure phase. See Supplementary Movie 4 for details.
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Although they have cuttlebones that constrain the body form to
some extent, cuttlefish are able to change their body shape during
predatory behavior. This makes transfer learning somewhat more
difficult and means that there is a requirement for more image
frames within the training data. Furthermore, while key features
during the seizure phase, such as a pair of tentacle trajectories, are
important for the kinematic analysis of visual attack by cuttlefish,
image frames of tentacular strike are relatively scarce compared
to the ones obtained during the attention and positioning phases.
This highlights the necessity of acquiring more image frames
during the seizure phase. In addition, the locomotion of cuttlefish
during the seizure phase sometimes generated ripples on the
water surface and these distorted the quality of the images
captured. In future, such artifacts could be reduced by placing a
transparent plate on the water surface to eliminate the wave effect
caused by the cuttlefish movement.
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Dynamic Courtship Signals and Mate
Preferences in Sepia plangon

Alejandra Lopez Galan*, Wen-Sung Chung* and N. Justin Marshall

Sensory Neurobiology Group, Queensland Brain Institute, The University of Queensland, St Lucia, QLD, Australia

Communication in cuttlefish includes rapid changes in skin coloration and texture, body
posture and movements, and potentially polarized signals. The dynamic displays are
fundamental for mate choice and agonistic behavior. We analyzed the reproductive
behavior of the mourning cuttlefish Sepia plangon in the laboratory. Mate preference
was analyzed via choice assays (n = 33) under three sex ratios, 1 male (M): 1 female (F),
2M:1F, and 1M:2F. We evaluated the effect of modifying polarized light from the arms
stripes and ambient light with polarized and unpolarized barriers between the cuttlefish.
Additionally, to assess whether a particular trait was a determinant for mating, we used
3D printed cuttlefish dummies. The dummies had different sets of visual signals: two
sizes (60 or 90 mm mantle length), raised or dropped arms, high or low contrast body
coloration, and polarized or unpolarized filters to simulate the arms stripes. Frequency
and duration (s) of courtship displays, mating, and agonistic behaviors were analyzed
with GLM and ANOVAs. The behaviors, body patterns, and their components were
integrated into an ethogram to describe the reproductive behavior of S. plangon. We
identified 18 body patterns, 57 body patterns components, and three reproductive
behaviors (mating, courtship, and mate guarding). Only sex ratio had a significant effect
on courtship frequency, and the male courtship success rate was 80%. Five small (ML
< 80 mm) males showed the dual-lateral display to access mates while avoiding fights
with large males; this behavior is characteristic of male “sneaker” cuttlefish. Winner males
showed up to 17 body patterns and 33 components, whereas loser males only showed
12 patterns and 24 components. We identified 32 combinations of body patterns and
components that tended to occur in a specific order and were relevant for mating success
in males. Cuttlefish were visually aware of the 3D-printed dummies; however, they did
not start mating or agonistic behavior toward the dummies. Our findings suggest that
in S. plangon, the dynamic courtship displays with specific sequences of visual signals,
and the sex ratio are critical for mate choice and mating success.

Keywords: cephalopods, reproductive behavior, female choice, ethogram, male competition, body pattern

1. INTRODUCTION

Animal communication is a complex mechanism to transfer information between signalers and
perceivers (Scott-Phillips, 2008). Communication involves a signaller using specialized morphology
or behaviors to influence the current or future behaviors of another individual (Owren et al.,
2010). Animals communicate in response to different tasks, including alarm calls, allocation of
food, courtship, and mating (Searcy and Nowicki, 2010). Courtship signaling is essential for
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mate recognition and is frequently multimodal. Animals can use
chemical signals (pheromones), vocalizations, color patterns, and
movements during courtship displays (Mendelson and Shaw,
2012; Higham and Hebets, 2013). Courtship allows females and
males to ensure that they are mating with an animal of the
same species, and present information about their quality as a
potential mate (Breed and Moore, 2012). There is a growing
interest in studying mating signals with bright-colored patterns
and intricate courtship displays in both terrestrial and aquatic
organisms, such as those in peacock spiders (Girard et al., 2011,
2018; Taylor and McGraw, 2013), birds of paradise (Scholes, 2008;
Scholes et al., 2017; Ligon et al., 2018), and siamese fighting
fish (Ma, 1995). Cephalopods are renowned for their dynamic
displays for courtship and agonistic competitions for potential
mates (Hall and Hanlon, 2002; Naud et al., 2004; Allen et al.,
2017; Lin et al,, 2017; Lin and Chiao, 2018). The development
of these elaborate displays is often driven by intense sexual
selection, providing an excellent system to study behavior and
sexual selection in mating systems (Andersson, 1994).

Most coastal coleoid cephalopods (e.g., octopus, cuttlefish,
and squids) have a short life span of one or two years and
die shortly after spawning (Jereb and Roper, 2005, 2010; Jereb
et al,, 2013; Lu and Chung, 2017). Cephalopods also have the
most complicated central nervous system of all invertebrates
at both anatomical and functional levels (Boycott, 1961; Nixon
and Young, 2003; Shigeno et al, 2018), and possess unique
colorblind camouflage, mimicry, and communication abilities
(Hanlon and Messenger, 2018). Cephalopod dynamic body
patterns are directly controlled by their brain and continuously
adapt to match the visual perception of the environment,
communicate with mates, and solve different tasks (Boycott,
1961; Darmaillacq et al., 2014; Liu and Chiao, 2017; Gonzalez-
Bellido et al., 2018; Hanlon and Messenger, 2018). These
dynamic body patterns are composed of multiple chromatic,
textural, locomotor, and postural components simultaneously
expressed (Packard and Hochberg, 1977). For example, the
Intense Zebra pattern of the mature male Sepia officinalis has
white and black zebra bands on the mantle, white and dark
fin spots, dilated pupils (chromatic components), smooth skin
(textural components), dropping arms and extended fourth
arm (postural components), and hovering display (locomotor
components). This pattern is displayed by mature males
cuttlefish, and it is used for sex recognition and agonistic behavior
(Hanlon and Messenger, 1988).

Coleoid cephalopods have evolved several reproductive
strategies in response to sexual selection. For instance, the
hectocotylus, ligula, and calamus in males are morphological
adaptations to transfer the sperm to the females (Voight, 1991,
2002; Thompson and Voight, 2003). Alternative mating tactics in
squids and cuttlefish enhance the mating opportunities of small
males by avoiding male competitions (Hanlon et al., 2002; Wada
et al., 2005; Zeidberg, 2009; Brown et al., 2012; Lin and Chiao,
2018; Marian et al., 2019). Male octopus mate “at a distance” to
escape and avoid sexual cannibalism (Hanlon and Forsythe, 2008;
Huffard and Bartick, 2015). Promiscuity, mating aggregations,
and sperm competition are also behavioral adaptations related
to sexual selection in cephalopods (Hall and Hanlon, 2002;

Jantzen and Havenhand, 2003; Naud et al., 2004; Morse and
Huffard, 2019). For instance, several investigations have shown
that multiple paternity occurs in some species, such as Octopus
minor (Bo et al., 2016), Octopus vulgaris (Quinteiro et al., 2011),
and the cuttlefish Sepiella japonica (Liu et al., 2019). Other
studies in squids have found a sequence of pattern-based signals
associated with determining dominance in reproductive battles
(Lin et al., 2017; Lin and Chiao, 2018).

Current knowledge of cuttlefish reproductive interactions and
visual signals is based primarily on four large-sized species
[Mantle length (ML) of mature individuals > 300 mm]: (1) Sepia
apama (Hall and Hanlon, 2002; Zylinski et al.,, 2011; Schnell
et al., 2015a,b, 2019), (2) Sepia latimanus (Roper and Hochberg,
1988; Adamo and Hanlon, 1996; How et al., 2017; Hanlon and
Messenger, 2018) (3) Sepia officinalis (Hanlon and Messenger,
1988; Adamo and Hanlon, 1996; Boal, 1997; Hanlon et al., 1999;
Chiao et al., 2005; Miathger et al., 2009), and (4) Sepia pharaonis
(Lee et al, 2016; Nakajima and Ikeda, 2017). Over the past
30 years, additional pattern, textural, postural and locomotor
components have been documented in these species. Each has
species-specific body patterns, but they also share a high degree of
similarity in some courtship body patterns common across many
day-active shallow-water cephalopods. For example, the male
zebra pattern (white and dark zebra bands across the mantle,
arms and/or fins), and the passing cloud display characterized
by coordinated waves of expanded chromatophores flowing as
dark bands over the body (Hanlon and Messenger, 1988; How
et al,, 2017). Another iconic cuttlefish species is the small (ML
< 110 mm) flamboyant cuttlefish, Metasepia pfefferi, which
possesses over 100 display components (Roper and Hochberg,
1988; Thomas and MacDonald, 2016). Metasepia pfefferi is
capable of showing elaborate body patterns, with three pairs of
large and flap-like papillae in the dorsal mantle, long papillae
over eyes, and passing clouds running in several directions
simultaneously (Roper and Hochberg, 1988; Jereb and Roper,
2005; Laan et al., 2014; Thomas and MacDonald, 2016). Although
many studies have demonstrated the complexity of cuttlefish
visual signaling, the temporal structure of the multiple behavioral
displays associated with reproduction is poorly-known. To
date, only one study has analyzed the temporal order of the
body pattern components expressed by the squid Sepioteuthis
lessoniana during reproductive interactions (Lin et al., 2017).

Here we selected a relatively small-sized cuttlefish, Sepia
plangon, which inhabits seagrass beds around Australian coastal
waters (living depth < 85 m) (Jereb and Roper, 2005). Brown
et al. (2012) reported the mating behavior of this species in the
wild and in captivity. Unlike other large cuttlefish species (Dunn,
1999; Hall and Hanlon, 2002; Naud et al., 2004), S. plangon
apparently does not form large aggregations for mating. As
Brown et al. (2012) reported, this species forms small groups on
the spawning grounds. Male-only assemblages (32.50%), male-
female pairs (1M:1F, 25.00%), and groups of two males with one
female (2M:1F, 12.50%) were the most frequent. Interestingly, five
small males (ML < 80.00 mm) displayed a deceptive body pattern
in the presence of a female and a larger male. This dual-lateral
display consisted of two simultaneous body patterns, one on each
half of the mantle. Males showed the typical male coloration
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FIGURE 1 | Some of the body patterns of S. plangon. (A) Male with raised arms (ra), papillate skin (ps), sitting (st), and light mottle (LM). (B) Female. Hovering (ho),
raised | arms (ra), extended Il and lll arms (ea), dropped arm (ad), and uniform light (UL) pattern. (C) Female in tripod posture (t), dropped arms (ad), smooth skin (sk),
and dark mottle pattern. (D) Female and male in head-to-head mating position with splayed arms (sa), male grasping (grs), uniform darkening (UD), and deimatic
pattern (D). (E) Male cuttlefish. The white arrows refer to polarized arm stripes and polarized eye sclera. The blue-red scale bar represents the percentage of
polarization from O (blue) to 1 (white) through (red) which is typical for polarization in nature.

toward their counterparts but displayed the female appearance to
a larger male to avoid fighting (Brown et al., 2012). In addition to
the repertoire of visual signals, S. plangon spawns multiple times
(Beasley et al., 2017), making this species suitable for observation
of repeated mating behavior.

S. plangon has a single type of visual pigment (Amax 499
nm), suggesting that this species, like other cuttlefish species
(Marshall and Messenger, 1996), is unable to detect or respond
to colors through their retina (Chung and Marshall, 2016). Sepia
plangon does possess orthogonally-arranged photoreceptors
enabling sensitivity to polarized (PL) signals. This species may
discriminate 1° e-vector difference, the highest PL resolution in
animals with PL vision studied to date (Talbot and Marshall,
2010a,b; Temple et al., 2012). Additionally, S. plangon reflects
PL light via iridophores located under the skin, forming strong
PL signals on arms, the frontal area of the head, and around
eyes (Figure 1). These signals are similar to those of S. officinalis
(Shashar and Cronin, 1996; Shashar et al., 1996, 2002; Boal
et al., 2004; Chiou et al,, 2007; Mithger and Hanlon, 2007;
Mithger et al., 2009; Cartron et al., 2013a,b,c). Several studies
have proposed that PL vision enables a covert communication
channel in cephalopods as many other animals are unable to
detect the PL signals (Moody and Parriss, 1961; Jander et al., 1963;
Tasaki and Karita, 1966; Saidel et al., 1983, 2005; Shashar and
Cronin, 1996; Shashar et al., 1996, 2000, 2002; Boal et al., 2004;
Talbot and Marshall, 2010b; Cartron et al., 2013a,b,c; Marshall
et al, 2019). However, despite decades of study, the evidence is
inconclusive and no behavioral function has been attributed to
these signals.

To understand whether ambient light conditions affect mate
choice, and which visual signals may influence the outcome of

mating competitions, we selected S. plangon which can be reared
in captivity and tested under different light conditions. First, we
investigated the courtship and mate choice under different sex
ratios. We evaluated whether the presence of polarized (POL)
vs. unpolarized (UNPOL) barriers would affect the reproductive
behavior of S. plangon, from courtship to mating. For example,
we tested whether S. plangon started courtship and attempted
to mate regardless of a barrier limiting physical contact between
them (UNPOL), and regardless of a polarized filter (POL). Then,
we used 3D resin-printed cuttlefish dummies with one static
component of specific body patterns (e.g., large vs. small body
size; PL vs. non-PL arm stripes, uniform light, dark uniform,
weak zebra, strong zebra). We aimed to test if each component
alone could trigger a response related to mating behavior, to
ultimately understand the effect of each separate component in
the complex courtship behavior of S. plangon.

2. METHODS

2.1. Animal Collection and Care

We collected 34 mature females and 32 males using seine nets
in Dunwich, North Stradbroke Island, Queensland, Australia,
between April-July 2016, August-October 2017, and Feb-May
2018. Our study was carried out following the permits by The
University of Queensland - Animal Ethics Committee (permit
number QBI/304/16), Queensland Government - Department
of National Parks, Sports and Racing (Moreton Bay Marine
Park Permit QS2018/CVL625), and Queensland Government
- Department of Primary Industries and Fisheries (General
Fisheries Permit 180731). Cuttlefish were placed individually
in housing tanks of (610 x 600 x 450 mm) with running
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seawater, which was monitored continuously using a filtered re-
circulating water system (water temperature 20-24°C, salinity
35-36 psu, light-dark cycle 12-12 h) at Moreton Bay Research
Station (MBRS). All tanks contained sand, rocks, and PVC tubes
as substrates, and the cuttlefish were fed daily with live prey (e.g.,
glass shrimps and purple shore crabs Hemigrapsus) ad libitum.
The animals were kept in housing tanks for at least a week before
starting the behavioral experiments.

2.2. Pre-copulatory, Mating, and

Postcopulatory Behavior

To analyze the effect of sex ratio in courtship behavior, a pair (a
female and a male 1M:1F), or three cuttlefish (two males and a
female 2M:1F, or one male and two females 1M:2F) were placed
in a tank with a black acrylic divider to limit the visual contact
for an hour prior to the start of each experiment (Figures 2A-C).
Next, we removed the dividers between the tanks and recorded
the cuttlefish interactions with four underwater cameras for
at least an hour, or until animals stop interacting (1.5 h
max) (Figures 2I-K).

Then using BORIS 7.7.4® Friard and Gamba (2016) to
analyse the videos, we created a catalog of reproductive
behaviors, agonistic fights, courtship, mating, mate guarding,
and body patterns of S. plangon. The textural (skin texture),
chromatic (body color), postural (body position), locomotor
(body movement), and polarization components of the body
patterns of S. plangon were also identified. We followed the body
pattern descriptions by Hanlon and Messenger (1988), Borrelli
et al. (2005), Schnell et al. (2015b), Thomas and MacDonald
(2016), How et al. (2017) and Nakajima and Ikeda (2017)
(Table 1). The body patterns were categorized into two groups:
(1) Acute pattern (body patterns displayed for less than 5
min); (2) Chronic patterns (those lasting over 5 min) (Table 1).
Furthermore, we classified the components of these body patterns
in two categories: (1) Point events with a duration of 5 s or
less, and (2) State events, which were visible for more than
5s (Table 1).

2.3. Polarized vs. Non-polarized Barriers

Next, to study the effect of light conditions on the reproductive
behavior of S. plangon, we put polarized (POL) or unpolarized
(UNPOL) neutral density barriers between the cuttlefish and
recorded the behavioral interactions in the three sex ratios
mentioned above (IM:1F, 2M:1F, and 1M:2F, Figures 2D-H).
Due to the small number of males collected for our study, 2M:1F
- POL trials were not conducted, (see Supplementary Material
for more details). The polariser filter was a 42.00% Transmission
Neutral Gray Acrylic Laminated Linear Polarizer (AP27-024T,
American Polarizers Inc., USA). The filter was horizontally
aligned and attached to a frame made of PVC tubes. A
sheet of a white diffuser (PTFE sheet, Dotmar EPP Pty Ltd,
Australia) was attached to the light source (Arlec 2x20W LED
Work light, Arlec Australia Pty Ltd) placed above the tank.
A piece of 0.3 soft neutral density filters (Lee Filters, UK)
were glued to a float glass window on both sides to make
the unpolarized barrier. Using the same video analysis method,
we identified the chromatic, textural, postural, and locomotor

components of the body patterns that S. plangon used for
reproductive behavior under different light conditions. POL
filters modified the polarization signals from arm stripes and
body of S. plangon; therefore, a cuttlefish could barely see
the polarized signals from a mate placed at the other side of
the filter.

2.4. Statistical Analysis

We analyzed the frequency and duration (in seconds, sec) of the
courtship, mating, agonistic fights, and mate guarding. Due to a
large number of zeros from our frequency data (animals that did
not start courtship or mate), we used generalized linear models
(GLM) with negative binomial (NB) distribution. The duration
was analyzed with two-way factorial ANOVAs, using sex ratio as
one factor of 3 levels—1M:1F, 1M:2F, 2M:1F, and type of barrier as
the second factor of two levels—Polarized (POL) or Unpolarized
(UNPOL). Cuttlefish like other cephalopods use their body
patterns for communication; therefore, to demonstrate that a
specific sequence of signals is determinant for mate choice in S.
plangon, we transformed each body pattern and component to
alphabetic codes of one to five letters (Table 1). Consecutively,
we analyzed the data using text mining methods (Silge and
Robinson, 2016) to estimate the frequency and the association
of body patterns, such as radar charts and correlations with
Bonferroni correction for multiple comparisons. All the analyses
were conducted in (RStudio Team, 2015) v1.2.1335® (RStudio
Team, 2015) using the packages FactoMineR v1.42 (Lé et al,
2008), tidyverse v1.2.1 (Wickham et al., 2019a), tidytext v0.2.2
(Silge and Robinson, 2016), dplyr v0.8.3 (Wickham et al., 2019b),
widyr v0.1.2 (Robinson, 2019), tokenizers v0.2.1 (Mullen et al.,
2018), quanteda v1.5.1 (Benoit et al., 2018) and igraph v1.2.4.1
(Csardi and Nepusz, 2006).

2.5. 3D Printed Cuttlefish Models

We selected five body pattern components from those observed
in successful mating (see the details in results, and Table 1) for
further tests using 3D printed resin cuttlefish. We downloaded
the 3D models from CGTrader (https://www.cgtrader.com, see
Appendix for more details). Then, we edited them using the
software Blender® version 2.79. The models were printed using
Stereolithography to 0.1 mm layer thickness, using a Form2
(Formolabs®) 3D printer at the Australian National Fabrication
Facility, Queensland Node (ANFF-Q), and The University of
Queensland Library 3D-printing facilities. Dummies (DUM)
of two sizes (60 or 90 mm ML) were compared to analyze
the effect of body size in mating choice. We measured the
importance of body posture using dummies with arms extended
or dropped. The models were painted with acrylic paints to
simulate four body patterns, such as uniform light (UL) and
dark mottle (DM) for females, or intense zebra (IZ) and weak
zebra (WZ) for males. We attached stripes of polaroid or
neutral-density filter to the arms of the dummies to simulate
polarized and unpolarized arm stripes, respectively. All dummies
were attached to a thin fishing line to place them into the
testing tank. For this experiment, we counted a successful
mate choice if a cuttlefish showed interest in the dummy,
either by initiating courtship or attempting to mate. Negative
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1M:1F

1M : 2F

2M: 1F

FIGURE 2 | Schematic representation of the experimental design for mate choice. ¢ = Females. & = Males. (A) One pair and three cuttlefish (B,C) with black dividers
to limit visual contact before the start of the experiments. (D) Two cuttlefish with an unpolarized (UNPOL) barrier between them. (E,F) Three cuttlefish with unpolarized
barrier in the tank. (G) A male and a female with a polarized (POL) barrier between them. (H) Three cuttlefish with polarized barrier in the tank. (I-K) Two or three
cuttlefish in control (DIRECT) condition. (A,D,G,l) Sex ratio = 1M:1F. (B,E,H,J) = 1M:2F. (C,FK) = 2M:1F.

results were assigned if cuttlefish ignored, showed aggressive
behavior, or remained distant from the dummies. We considered
agonistic behavior as a negative result because we used the
dummies to test whether the static body pattern could trigger
courtship and mating behavior, as all these trials were intersexual
experiments (male dummy for females, and female dummies
for males).

3. RESULTS

We collected 34 mature females and 32 males. Females were
larger than males, with mantle length (ML) (mean £+ SD) =
74.92 £ 13.02 mm, and total length (TL) = 103.55 4 21.23 mm.
Males ML was 65.62 &+ 10.15 mm, and TL = 90.41 + 13.66 mm.
We analyzed the behavior of S. plangon during 41h of video
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TABLE 1 | Body patterns and their components of S. plangon and the alphabetic code used in this study.

Components - Body patterns Code

REPRODUCTIVE BEHAVIORS (3)

Courtship display € C Mate Guarding € MG Mating A M
BODY PATTERNS (18)

Chromatic Pulse IT CP Dark Mottle IT DM Deimatic 1 D
Dual-Lateral Display IT DLD Dynamic Polarization SignalsIT DPS Flamboyant IT F
Intense Zebra IT V4 Lateral Display IT LD Light Mottle W LM
Multidirectional Passing Wave Display [T MDPWD  Shovel Display IT SHD  Strong Disruptive I STD
Stipple I ST Uniform Blanching IT uB Uniform Darkening 1 ub
Uniform Light w UL Weak Disruptive W WD Weak Zebra W Wz
CHROMATIC COMPONENTS (28)

Anterior Head Bar A ahb Anterior Mantle Bar A amb Anterior Transverse Mantle Line A atml
Dark Arms A da Dark Arm Stripes A das Dark Eye Ring A der
Dark Fin Spots A dfs Dark Zebra Bands A dzb Dilated Pupil A dp
Large White Mantle Spots A lwms Latero-Ventral Patches A Ivp Mantle Margin Scalloping A mmsc
Mantle Margin Stripe A mmst Median Mantle Stripe A mms  Paired of Mantle Spots A pms
Posterior Head Bar A phb Posterior Mantle Bar A pmb Posterior Transverse Mantle Line A ptml
White Arm Spots A was White Fin Spots A was White Head Bar A whb
White Major Lateral Papillae A whb White Mantle Band A wmb  White Neck Spots A wns
White Posterior Triangle A wpt White Splotches A ws White Square A wsq
White Zebra Bands A wzb

POSTURAL COMPONENTS (14)

Arms Dropped A ad Bipod A bi Buried A b
Elongated body A eb Extended Il, lll Arms A ea Extended IV Arms A eaf
Flanged Fin A ff Flattened Body A fo Fully Extended | - IV Arms A fe
Raised |, Il Arms A ra Raised Head A rh Sitting € st
Splayed Arms A sa Tripod © t

LOCOMOTOR COMPONENTS (12)

Ambling a Flee A f Forward Rush A fr
Grappling arp Grasping © ars Hiding € h
Hovering ho Inking A i Swimming Q sw
Turning toward a Mate A ttm Water Jetting A wj Waving arms wa
IRIDISCENT COMPONENTS (6)

Iridescent Eye Sclera A is Iridescent Green/Blue Arm Stripes A igas Iridescent Green/Blue Mantle Margin Stripe A igmm
Iridescent Pink/Orange Arm Stripes A ipas Iridescent Pink/Orange Mantle Margin Stripe A ipmm  Iridescent Ventral Mantle A ivm
TEXTURAL COMPONENTS (3)

Coarse Skin A cs Papillate Skin A ps Smooth Skin Q sk

State component = Q, Point component = A, Acute pattern = W, Chronic pattern = T1.

analysis. The data were collected from 17 control experiments
(no barrier between cuttlefish), four POL trials, four UNPOL
observations, and eight DUM experiments (n = 33). Nine males
were allocated to 1M:1F trials, nine more to 1M:2F condition, and
14 males in 2M:1F tests. Twenty-one males initiated courtship
displays (65.63% from the total), and 17 males mated at least
once, representing 80.95% success rate of courtship displays. On
the other hand, nine females were tested in 1M:1F trials, 18
females in 1M:2F, and seven more in 2M:1F observations, but
only 16 females mated (47.06% from the total).

3.1. Body Patterns and Courtship Display
of Sepia plangon

We identified a total of 18 body patterns in S. plangon
(Table 1, Figures 1, 3). Males exhibited all 18 patterns, whereas

females only showed 12. Following the general classification
of cephalopods’ body patterns, we classified them into two
categories, Acute and Chronic (Table 1).

3.1.1. Acute Body Patterns

Eleven body patterns with a brief duration fell under this
category. Acute patterns had a duration from seconds (sec) to a
few minutes.

— 1. Chromatic pulse (CP, mean duration = standard deviation
= 50.75 =+ 34.36 sec) (How et al., 2017), also known
as “passing clouds” (Hanlon and Messenger, 1988), was a
dynamic expansion and contraction of chromatophores to
produce bands running in a single direction across the body.

— 2. Deimatic pattern (D, 28.48 =+ 25.89 sec) (Hanlon
and Messenger, 1988) was characterized by paling
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FIGURE 3 | Signals and body patterns of Sepia plangon during courtship. The images were from the same pair during the same interaction. (A) Before courtship, a
male with raised arms (ra) and female with uniform light pattern (UL). (B) Male began the courtship with Intense Zebra pattern (1Z) and arms dropped (ad), whereas
female showed Dark Mottle pattern (DM). (C) Male transitioning to Weak Disruptive (WD) and dark eye ring (der). Female maintained rejection signal (Dark mottle) and
extended arms (ea). (D) Male with light mottle (LM). Female in tripod posture () and raised head (rh). (E) Male with elongated Body (eb), DM, and papillate skin (ps).
Female showed Uniform Darkening (UD), dilated pupils (dp) and ra. (F) Female switched to uniform blanching pattern (UB) while male with UD coloration rushed

forwards (fr) to touch the female’s head.

and flattening of the body, a pair mantle spots (pms),
dark eye rings (der), dilated pupils (dp), and smooth
skin (SK).

— 3. Dual-lateral display (DLD, 141.35 £ 252.70 sec) (Brown
et al, 2012) was characteristic of small males during
agonistic contests. This pattern incorporated two patterns
simultaneously. Males mimicked female coloration by
showing light or dark mottle pattern in one half of the mantle.
This strategy was used to avoid fighting with rivals. However,
in the other half of the mantle, “sneaker males” showed the
typical male coloration (intense or weak zebra) to the female.
— 4. Dynamic polarization signals (DPS, 191.10 + 353.20
sec) (Supplementary Video 3): this hitherto undescribed
pattern involved dynamic expansion and contraction of
chromatophores only in areas where cuttlefish reflects
polarized light (e.g., around the eyes, and in the arm stripes),
producing bands running in a single direction in these regions.
This pattern was expressed exclusively during courtship
by males.

— 5. Flamboyant (F, 43.69 £ 43.68 sec) (Hanlon and Messenger,
1988) included papillate skin (ps), splayed arms (sa), dark
mottle (DM) coloration, and latero-ventral patches (Ivp). Sepia
plangon displayed flamboyant primarily in the context of
defense, but the males also showed this pattern if the females
rejected any mating attempt by dropping the arms or moving
away from the male.

— 6. Intense zebra (1Z,930.14 + 1144.17 sec) (Hanlon and
Messenger, 1988) was exclusive to males, and it included dark
and white zebra bands (dzb, wzb) on the mantle, dark eye
rings, smooth skin, and extended IV arms toward another
male (eaf).

— 7. Lateral display (LD, 36.26 &= 49.15 sec) (Schnell et al., 2015a)
was an agonistic signal from males characterized by light and
dark moving bands over the mantle (chromatic pulse in the
present study), with the body-oriented laterally to rivals and
dark arms or face.

— 8. Multidirectional passing wave display (MDPWD, 214.86 &
221.81 sec) (How et al., 2017) was similar to chromatic pulse;
however, the bands moved in different directions across the
body. We observed that small males exhibited this coloration
when the females rejected them during courtship.

— 9. Shovel Display (SHD, 190.38 =+ 290.26 sec) (Schnell
et al, 2015a) incorporated the mantle raised, and rigid
arms extended in a shovel-like shape. Large male S. plangon
produced this pattern as an aggressive signal at the beginning
of every male contest (See Supplementary Figure 1).

— 10. Uniform Blanching (UB, 59.16 £ 25.39 sec) (Hanlon and
Messenger, 1988) was characterized by a fast retraction of all
chromatophores creating a pale appearance.

— 11. Uniform Darkening (UD, 83.57 & 20.89 sec) (Hanlon and
Messenger, 1988) was a quick expansion of all chromatophores
seen as an instant darkening of the body.

Frontiers in Physiology | www.frontiersin.org

August 2020 | Volume 11 | Article 845


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Lopez Galan et al.

Courtship and Mate Preferences in Sepia plangon

3.1.2. Chronic Body Patterns
The duration of these displays extends to several minutes. This
category encompassed seven body patterns.

— 1. Strong Disruptive (STD, 231.00 % 323.33 sec) (Hanlon and
Messenger, 1988) comprised bold transverse and longitudinal
components, both light and dark.

2. Weak Disruptive (WD, 578.76 £ 673.95 sec) (Hanlon
and Messenger, 1988) is similar to strong Disruptive, but the
contrast between dark and light components is less vivid. Both
STD and WD had a maximum duration of 846.49 sec.

3. Dark Mottle (DM, 953.54 + 1068.44 sec) (Hanlon and
Messenger, 1988) had white and dark dots distributed in the
arms, head, and dorsal mantle.

4. Light Mottle (LM, 781.52 £ 765.29 sec) (Hanlon and
Messenger, 1988) made the overall body tone pale with some
of the dark chromatophores expressed as spots or splotches.

5. Uniform Light (UL, 263.18 £ 326.51 sec) (Hanlon and
Messenger, 1988) had a body coloration similar to white, as
the expansion of chromatophores was minimum.

6. Stipple (ST, 64.71 £ 61.15 sec) (Hanlon and Messenger,
1988) included light body coloration with small dark spots due
to the partial expansion of some chromatophores and papillate
skin.

7. Weak Zebra (WZ, 673.51 + 710.70 sec) (Hanlon and
Messenger, 1988) was a low-contrast zebra patterning, with
white and black zebra bands covering the mantle. Males
showed this body color throughout courtship displays.

3.2. Courtship, Agonistic, and Mating

Behavior

Before courtship, cuttlefish often camouflaged with light mottle,
weak disruptive, or stipple patterns to match with the background
of the testing tank. After 1-32 min, males turned toward one
female and initiated a courtship display (C) in 20 trials (60.61%).
Mating was observed at least once in 17 of 33 experiments
(courtship success 85.00%). Sepia plangon had multiple
matings (Figure 4), and all the males that mated showed at least
one courtship display to the female. Mating was not observed
without prior courtship display.

The courtship started when a male showed quick changes of
body patterns to the female, and it lasted until both cuttlefish
adopted the mating position (head-to-head). Courtship excluded
agonistic encounters between males and mating. Courtship
latency was then the time before males showed any courtship
behavior, and it had a duration of 60.00 to 1923.50 sec. Males
initiated courtship displays with the repetitive sequence of seven
fast changes of body patterns (Figure 3). The courtship display
was formed with an orderly sequence of body patterns starting
with light mottle, followed by intense zebra, weak zebra, dark
mottle, uniform blanching, uniform darkening, and dark mottle
(Figure 3). Intense zebra was continuously observed in 2M:1F
trials, but males in 1M:1F and 1M:2F trials showed intense
zebra pattern only at the beginning of courtship display. The
components of the body patterns during courtship quickly
changed from smooth to papillate skin, elongated body (eb),
raised arms (ra), flattened body (fb), fully extended I - IV arms
(fe), and forward rush (fr) (Figures 3E,F).

Agonistic signals between males encompassed intense zebra
display with dark eye rings, extended IV arms to push
competitors away from the female, lateral display, raised head,
and shovel display. Escalation to agonistic fights was observed
only during one trial, (2M:1F with no barrier between cuttlefish)
where two males engaged in three aggressive fights. The ML
difference between males that showed only agonistic signals was
13.64+9.33 mm. On the other hand, males that initiated agonistic
contests had a size difference in ML of 6.48 mm. The average size
of winner males was 64.13 &= 11.67 mm of ML, whereas, loser
males had 65.49 = 9.09 mm of ML.

Similar to other cuttlefish, S. plangon mated in head-to-head
position (Figure 1D). Eight females (23.53% from all females)
and eight males (25.00% from all males) coupled only once, five
females (14.71%) and seven males (21.88%) mated twice, one
female (2.94%) and a male (3.13%) had three copulations, and
two females (5.88%) and a male (3.13%) had four.

3.2.1. Sex Ratio

In 1M:2F experiments, the males first chose a female to court
but also approached and courted the other female if rejected by
the first mate. Rejection signals by the females consisted of dark
mottle coloration, dark eye rings, dropped arms, and moving
away from the male.

In 2M:1F observations, the males established dominance using
agonistic signals. Agonistic signals between males encompassed
intense zebra display with dark eye rings, extended IV arms
to push competitors away from the female, shovel, and lateral
display. Cuttlefish presented these agonistic signals only in
six control experiments (2M:1F), where cuttlefish had no
barrier between them. Escalation to physical fights included
animals grappling (grp) their opponent and inking (See
Supplementary Figure 1). We observed male-male fight only
in one trial; hence, male dominance was established primarily
by agonistic visual signals. The dominant male remained close
to the female and was the first to start the courtship display.
Furthermore, the dominant males were the first to mate with
the female. Five “sneaker” males (see Supplementary Figure 1)
avoided fights by simulating female coloration in five control
trails (2M:1F), and this strategy led to successful matings by four
males (80.00% success rate). Dominant males guarded the female
(Mating Guarding, MG) before, during, and after copulation. MG
consisted of males with Intense Zebra coloration, or dark mottle,
hovering close to the females while extending the IV arms toward
competitors. Small males also guarded the paired female, but only
in the absence of another competitor.

3.2.2. Polarized / Unpolarized Barriers

POL and UNPOL barriers did not prevent cuttlefish from
attempting to mate (See Supplementary Figure 1), as we
observed five females and males attempting to mate while they
were separated by the POL (n = 2) and UNPOL (n = 3)
barriers (See Supplementary Figure 1). Similar body patterns
and behaviors were observed in these trials to those seen in
experiments without a barrier, such as courtship display by males
(including forward rush trying to push the barrier), females
raising the first pair of arms, and both the female and male
adopting the head-to-head mating position with spread arms.
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Mating duration in POL and UNPOL observations was measured
from the moment when both cuttlefish attempted to mate.
Cuttlefish spread their arms and moved toward each other to
adopt the head-to-head mating position despite of the barrier
between them. We considered the end of a mating attempt
when both cuttlefish moved apart. We observed males and
females pushing the barrier trying to reach each other during the
matting attempts.

3.3. Frequency of Courtship Displays, Male

Competitions, and Copulations

3.3.1. Frequency

Sepia plangon males males had an average of 1.88£2.11 courtship
displays. The maximum number of courtship displays was eight
in a 1:1 - POL experiment. Males courted females in all IM:1F
trials, five of nine 1M:2F experiments, and all 2M:1F trials
(Figure 4). Cuttlefish in 1:1 - POL condition showed more
courtship displays than cuttlefish in the other conditions tested
(4.50 £ 4.95). However, the negative binomial GLM suggested
that sex ratio was the only variable with a significant effect on
courtship frequency, as it was more likely that any male initiated
courtship in 2M:1F condition (b=—0.949, p=0.026) than 1M:2F

(b=—1.017, p=0.034). Four male cuttlefish started courtship
displays in IM:1E but they were unable to attract females for
successful mating. The courtship frequency of the four loser
males was 2.2541.97, whereas in winner males it was 2.94 & 1.98.

The most frequent agonistic signal was dark eye ring with
a maximum of 73 counts (19.90 £ 19.91), followed by intense
zebra (max frequency = 16, 3.78 £ 4.27), extended IV arms (max
frequency = 32,1.16 £ 5.66), raised head (max = 5,0.56 +
1.22), shovel display (max = 8,0.38 £ 1.43), mate guarding
(max = 2,0.16 & 0.45), and lateral display (max = 2,0.09 £
0.39). Furthermore, winner males showed agonistic signals more
frequently than losers, particularly dark eye rings and intense
zebra pattern.

Overall, the mating frequency was 0.86 & 1.11, but the highest
number of copulation attempts (due to the physical limitation
by a barrier) was observed in POL - 1:1 condition (2.50 = 1.73)
(Figure 4D); however, GLM did not find any effect by Sex ratio
or POL condition on mating frequency (p > 0.05).

3.3.2. Duration

Courtship duration was highly variable as males exhibited
courtship displays between one to eight times (Figure 4A). The
shortest courtship was 11.75 sec, and the longest was 1867.35 sec,
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with a mean of 161.22 + 106.82 sec. We analyzed courtship
duration with Factorial ANOVAs using transformed data (as the
relative percentage from total duration (%), and also z-scores);
however, the sex ratio and types of barriers did not have a
significant effect on courtship duration (p > 0.05) (Figure 5A).

We described the DPS as a new pattern (see
Supplementary Video 1), which was observed in three
IM:1F - control tests, one 1M:2F - control experiment, and
one 2M:1F - unpolarized test. The duration of DPS was
191.101 + 353.20 sec. Males displaying DPS pattern had a high
success rate of mating, as four males mated using this particular
display (80.00%).

The agonistic signal with intense zebra coloration had a
duration of 930.14 + 1144.17 sec. This pattern was present in
19 control experiments (57.58%), one POL (3.03%), and three
UNPOL observations (9.09% from all the trials). Cuttlefish

exhibited shovel displays only in six control trials and had
duration 190.38 % 290.26 sec. Only two cuttlefish showed the
lateral display pattern, with a duration of 36.255 &+ 49.15 sec in
two observations (2M:1F - control). Four cuttlefish showed mate-
guarding behavior with duration 289.07 & 288.04 sec in 2M:1F
control experiments.

The cumulative mating duration was between 4.35 and
24.826 sec, with a mean of 10.31 & 0.66 sec. Statistical analysis
did not reveal any significant differences in mating duration (p >
0.05) among the sex ratios and polarized conditions tested in our
study (Figure 5B).

3.4. Differences in Type and Sequence of
Body Patterns Between Successful and

Non-successful Courtships

Cuttlefish displayed up to 17 body patterns during courtship,
agonistic fights, mate guarding, and copulation. Males showed
a specific sequence of body patterns for courtship display
(Figure 3), including light mottle, intense zebra, weak zebra, dark
mottle, uniform blanching, uniform darkening, and dark mottle.
Rapid changes between smooth and papillate skin, elongated and
flattened body, extended arms, forward rush, dark eye rings,
and turning toward the female were also part of courtship
displays. Males that mated at least once displayed up to 17
body patterns and 33 body pattern components (Figures 6, 7B,
8B,C, 9A,C); whereas loser males exhibited a maximum of 12
body patterns, and 24 components (Figures 7C, 9B-D). The
most frequent signals amongst winner males were dark eye
ring, elongated body, forward rush, raised arms, and papillate
skin, dark mottle, light mottle, uniform blanching, and uniform
light (Figures 9A,C).

We identified 32 sequences of components and body patterns
that were relevant for successful mating. Males showed these
sequences for at least five times throughout courtship displays.
These sequences were made of combinations between one
textural component (ps), a locomotor component (fr), two
postures (eaf, ra), one chromatic component (der), and four
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patterns (DM, UB, UL, and LM) in an orderly fashion mating. One textural component (ps), one locomotor (a), three
(Figure 11A). Losers showed a similar sequence of body patterns  postural (ad, ra, sa), two chromatic (der, Ivp), and five patterns
and components; however, the frequency of these signals was (DM, LM, UB, WD, STD) encompassed the sequences in females
much lower than those displayed by winner males (Figure 6). On  for mating (Figures 10A,C, 11B). On the other hand, females that
the other hand, females showed 43 visual signal sequences before  refused to mate kept the arms dropped, dark eye rings, fled and
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FIGURE 11 | Radar charts representing the sequence of signals (body patterns and components) that S. plangon used for mating. Each colored lined represents a
cuttlefish. Each sequence was observed more than twice in all cuttlefish. (A) Winner males. A total of 32 sequences were observed in males that successfully mated.
Combinations of four body patterns (DM, LM, UB, and UL) and six components (der, eb, ps, fr, eaf, and ra) were observed in all sequences. (B) Females that were
inclined to mate exhibited up to 43 sequences; however, the frequency of these signals was lower than those in males. Five body patterns (DM, LM, UB, WD, and
STD), and seven components (a, ad, der, ps, ra, sa, lvp) were showed by the females for these sequences. See Table 1 for the codes’ abbreviations.
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FIGURE 12 | Heatmap with pairwise correlations between all the body patterns, components, and courtship (C), mating (M), mate guarding (MG) of S. plangon. Red
squares are positive correlations and blue are negative. Non significant p values are marked with NS. (A) Chromatic components. (B) Postural components. In this
case, the only component correlated to courtship was elongated body. Similarly, splayed arms was significantly correlated to mating, and extended IV arm to mate
guarding. (C) Locomotor components. Courtship was significantly correlated to forward rush and grasping. (D) Intense zebra, weak disruptive, and weak zebra were
significantly correlated to courtship. (E) All Skin texture components were non-significant. See Table 1 for all the codes’ abbreviations. Significant p-values were
marked with their corresponding coefficients of determination (%) in black numbers.
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showed papillate skin as response to the courtship displays of the
males (Figures 10B,D).

We integrated the data from all subjects into a matrix with
the frequency of each behavior, body pattern, and component
to analyze the correlation between them (Figure 12). We found
that courtship was significantly correlated to forward rush
(r?=0.66,p < 0.01), grasping (r*=0.49, p < 0.01), elongated body
(r2=0.66,p < 0.01), Intense Zebra pattern (r2=0.51,p=0.01),
Weak Disruptive (r>=—0.183, p=0.042), and Weak Zebra pattern
(r*=0.69,p < 0.01). Mating was significantly correlated to
splayed arms only (r?=0.57,p < 0.01); while extended IV arms
(r2=0.62,p < 0.01) and Dual-Lateral Display (r2=0.56,p < 0.01)
were significantly correlated to mate guarding.

3.5. 3D Printed Cuttlefish

We analyzed the behavioral responses of the cuttlefish in the
presence of one or two dummies (number of experiments,
n = 8). However, cuttlefish did not attempt to mate with
the dummies. Sepia plangon displayed defense signals, such as
deimatic, dark mottle, strong disruptive, weak zebra, flee, hiding,
inking, dilated pupils, and papillate skin toward the dummies, or
remained away from them. No agonistic behavior was observed
in these experiments.

4. DISCUSSION

This study is the first to describe in detail the mating behavior
of S. plangon under different light conditions and sex ratios in
captivity. The intricate mating system of S. plangon comprises
male agonistic behavior and signaling, alternative reproductive
tactics, female mate choice, and multiple matings. Furthermore,
the temporal order of component and body pattern expression
is critical to winning mating competitions, similar to the
communication system in the reef squid (Lin et al., 2017).

In the spawning season, S. plangon showed strong sexual
dimorphism as mature females were larger than males. Similar
results were previously reported by Beasley et al. (2017). Larger
females are relatively common in other cephalopod species,
for example, in the squid Dosidicus gigas (Nigmatullin et al.,
2001), the octopus Eledone cirrhosa (Regueira et al., 2013), and
Haliphron atlanticus (Lu and Chung, 2017). On the other hand,
S. plangon male size might be a critical factor that lead to the
development of male alternative mating strategies similar to
those in squids (Wada et al., 2005; Lin and Chiao, 2018), and
octopus (Huffard et al., 2008). For instance, smaller males can
use different mating behavior (e.g., male-upturned and sneaking)
to avoid male competition and mate. In this study, we observed
small S. plangon males using the dual-lateral display to avoid male
competitions and mate with large females. Similar results were
previously reported by Brown et al. (2012).

In our study, we observed that males S. plangon were smaller
than females; therefore, it is likely that the body size does not
determine male dominance in this species while in others such
as S.apama it does (Hall and Hanlon, 2002). The number and
variety of displays potentially act as signals to communicate
male fitness, which could influence S. plangon female choice.
Other investigations have shown that larger females generally

have higher fecundity and produce larger offspring in mammals
(Kilanowski and Koprowski, 2016), insects, and arthropods
(Honék, 1993; Fox and Czesak, 2000; Stillwell et al., 2010).
Additionally, intersexual selection may drive the evolution of
small male size in S. plangon, for example, small body size could
be beneficial to males that show dynamic or acrobatic courtship
(Székely et al., 2004).

4.1. Courtship Behavior, Agonistic Signals,
and Mating

Sexually selected signals fall into two categories, signals used in
inter-sexual displays (e.g., courtship), or signals used in intra-
sexual displays (agonistic signals) as proposed by Andersson
(1994). Courtship includes one or more sensory modalities
(visual, olfactory, auditory, tactile, and some others), and often
leads to the evolution of traits through sexual selection (Owren
et al, 2010). Precopulatory processes occur in both females
and males, such as male-male competitions, female and male
mate choice (Kuester and Paul, 1996; Johannesson et al., 2008;
Edward and Chapman, 2011; Hamel et al., 2015; Gwynne, 2016;
Roberts and Mendelson, 2017). Postcopulatory mechanisms are
sperm competition in males (Simmons, 2014), cryptic female
choice (CFC), and cryptic male choice (CMC). CFC occurs
when females use specific traits or mechanisms to influence
the probability that males fertilize their eggs, whereas CMC is
any male behavior that allows males to bias their investment in
matings toward certain females (Eberhard, 1996; Reinhold et al.,
2002; Arngvist, 2014).

Previous literature has not found clear evidence of courtship
displays in some cephalopods species, such as S. apama (Hall
and Hanlon, 2002), S. officinalis (Boal, 1997; Adamo et al,
2000), Idiosepius paradoxus (Kasugai, 2000; Sato et al., 2010), and
Euprymna scolopes (Hanlon et al., 1997). Nonetheless, intricate
courtship displays have been described in S. latimanus (Corner
and Moore, 1980; Hanlon and Messenger, 2018), and S. sepioidea
(Moynihan and Rodaniche, 1982), and Loligo pealei (Hanlon,
1996). These patterns are characterized by quick changes in
patterns and bright colorations (Hanlon and Messenger, 2018). It
is notable in S. plangon that the chromatic changes described are
in fact largely a-chromatic, that is black and white and most likely
signaling in contrast, not color.

Males S. plangon potentially established dominance through
the use of visual signals (Figure6), such as intense zebra,
extended IV arms, uniform blanching, dark eye rings, lateral
display, uniform darkening, shovel display, and elongated body.
Escalation to physical fights was only observed in one control
experiment (2M:1F) and had a duration shorter than 6. Similar
results were observed in the giant cuttlefish S. apama (Hall and
Hanlon, 2002; Schnell et al., 2015b) and the squid Loligo plei
(DiMarco and Hanlon, 1997), as males contest duration and
frequency decreased by the presence of a female and whether
temporary pairing had occurred. By contrast, smaller S. plangon
males (ML < 80mm) showed the dual-lateral display (DLD) to
sneak in and mate with females without fighting with a dominant
male. Our results suggest that DLD is an efficient tactic that
small cephalopod S. plangon use to avert a fight with larger rivals
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and obtain opportunities to mate. Similar cases were reported
in S. plangon by Brown et al. (2012), the squid Sepioteuthis
sepioidea (Hanlon and Messenger, 2018), and S. apama (Hall
and Hanlon, 2002; Naud et al., 2004; Hanlon et al., 2005).
Males mimicking females are also commonly observed in birds,
lizards, and crustaceans. For instance, male pied flycatchers use
female mimicry as an advantage to choose when to initiate an
attack, thus increasing the chances of winning male contests
(Saetre and Slagsvold, 1996). Males Augrabies flat lizards often
mimic female coloration to avoid the injuries and energetic cost
associated with fighting other males; however, they still use male
pheromones as an honest signal of their gender for mating
(Whiting et al., 2009). Spider crabs (Laufer and Ahl, 1995), and
isopods (Shuster, 1989; Shuster and Wade, 1991) also use female
mimicry as an alternative mating tactic to access females and
avoid male competitions.

In our study, we observed four male cuttlefish mate-guarding
the females only in 2M:1F control experiments. The guarded
females were large, fully mature, carrying eggs, and had ML
between 73.00 and 90.00mm. We did not determinate the
number of eggs carried by the guarded females; however,
this strategy could represent a cryptic male choice, as males
could bias their mate-guarding efforts toward particular females
(Aumon and Shuker, 2018). The bobtail squid Sepiadarium
austrinum exhibited strategic male choice as their mating
efforts were more substantial toward egg-carrying females
(Wegener et al., 2013; Hooper et al., 2016). Similarly, large
male Abdopus aculeatus copulate frequently in mate-guarding
situations with large females Huffard et al. (2008). Several
studies have reported temporary mate guarding in several
species of cephalopods, such as S. apama (Hall and Hanlon,
2002; Naud et al.,, 2004), S. officinalis (Adamo and Hanlon,
1996; Hanlon and Messenger, 2018), and Loligo pealeii (Shashar
and Hanlon, 2013). Precopulatory mate guarding might allow
the male to monopolize the female until she is receptive,
and postcopulatory mate guarding could prevent females from
prematurely removing the sperm and ensure insemination.

We observed only one female mating with both males;
however, fifteen females had multiple matings (Figures 7A, 8A),
and nineteen females did not mate once. Possibly, potential pre
and postcopulatory CFC also occur in S. plangon, as some females
rejected mating attempts, but others had multiple matings with
several males. Potentially, females S. plangon could choose the
sperm that fertilizes their eggs. Previous investigations have
analyzed CFC in squids (Sato et al,, 2013, 2014, 2016; Shashar
and Hanlon, 2013; Mather, 2016; Lin and Chiao, 2018; Iwata
etal., 2019), and octopus (Huffard et al., 2008; Morse et al., 2015;
Morse and Huffard, 2019); however, CFC studies in cuttlefish
are limited (Boal, 1997; Hall and Hanlon, 2002; Naud et al,,
2005). Boal (1997) found that females S. officinalis prefer to
mate with males that had copulated recently. According to Hall
and Hanlon (2002), S. apama might possess a mechanism for
postcopulatory CFC. Two sources of sperm were available to
the female to fertilize the eggs: (1) spermatangia from the most
recent matings around the buccal region, and (2) sperm stored
internally in receptacles located around the beak. Similar results
were reported by Naud et al. (2005) in S. apama using genetic
analysis. They found evidence supporting the biased use of sperm

from those sources mentioned above, which suggests a potential
postcopulatory CFC in this species. We collected animals from
the wild and did not control whether females had already mated,
which could reduce mating likelihood in our experiments. Future
studies should focus on both female and male cryptic choice,
comparing the probability of mating with virgin cuttlefish, and
analyze whether females choose the sperm to fertilize the eggs
from one male or another (Iwata et al., 2019).

The sex ratio was the only factor affecting courtship frequency
in S. plangon of the two factors tested in our experiments. On
the other hand, the intensity and frequency of male competitions
in S. plangon were not affected by sex ratio. Similar results were
reported in flies (Leftwich et al., 2012), and fish (de Jong et al.,
2009; Clark and Grant, 2010), as the sex ratio had a significant
effect on the courtship behavior and duration. Lobsters (Debuse
et al, 1999), fish (Mills and Reynolds, 2003), and arthropods
(Enders, 1993; Waiho et al, 2015) change the reproductive
behavior depending on the sex ratio. For instance, at high male
density (more than three males) large European bitterling males
ceased to be territorial and instead competed with groups of
smaller males (Mills and Reynolds, 2003). It is likely that our
test did not trigger frequent aggressive male fights because we
only placed two males with one female as the highest sex ratio
for males.

POL and UNPOL barriers did not have a significant effect on
the frequency and duration of courtship, agonistic encounters,
and mating. However, the POL barrier caused a large variation
in courtship and mating frequency (Figure4). Likely, GLM
did not find any statistical significance because we have more
observations in control experiments than POL-UNPOL tests;
thus, statistical power could be a limitation in our study.
Although POL and UNPOL barriers limited the physical contact
between cuttlefish and modified the light conditions, males
started their repetitive courtship display. Several studies have
suggested that polarized light is used in cephalopods for
communication and navigation (Shashar and Cronin, 1996;
Shashar et al., 2000; Boal et al., 2004; Saidel et al., 2005; Chiou
et al., 2007; Talbot and Marshall, 2010b; Cartron et al., 2013a;
Marshall et al., 2019); however, to date, there is no conclusive
evidence that shows the function of polarization signals in
the reproductive context. This study showed that changes in
polarized light did not affect mating behavior in S. plangon, and
that the presentation and sequence of body patterns were decisive
for mate choice.

4.2. Visual Signaling and Communication

The body patterns of S. plangon are similar to those of
Sepia officinalis (Hanlon and Messenger, 1988), Sepia pharaonis
(Nakajima and Ikeda, 2017), and M. pfefferi (Roper and
Hochberg, 1988; Thomas and MacDonald, 2016). We identified
18 body patterns in mature male and female S. plangon,
whereas S. officinalis and S. pharaonis have only 13 (Hanlon
and Messenger, 1988; Nakajima and Ikeda, 2017). Our study
used mature individuals, whereas the descriptions of S.
officinalis, S. pharaonis, and M. pfefferi were based on juveniles.
Additionally, our study revealed signals and body patterns used
for reproductive behavior, such as multidirectional passing wave
display, shovel display, lateral display, and dynamic polarization
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signals which were not reported in the studies of Hanlon
and Messenger (1988), Thomas and MacDonald (2016), and
Nakajima and Ikeda (2017).

Two patterns in S. plangon are rare in other cephalopod
species: the dual lateral display (DLD), and the dynamic
polarization signals (DPL). DLD was previously described in
males S. plangon by Brown et al. (2012), and we also identified this
pattern in five small males (ML < 80.00 mm) that were between
a larger rival and a female. DLD is a deceptive signal, and similar
to S. sepioidea (Hanlon and Messenger, 2018), and S. latimanus
(Corner and Moore, 1980), is often used as an alternative method
to avoid competitions and find females to mate. This behavior
is not particular to cephalopods; male cricket frogs change their
dominant calls in the presence of an opponent to mimic the
female calls (Wagner, 1992). Likewise, females dance fly can also
use deceptive signals to prey on males seeking for mates (Funk
and Tallamy, 2000). The evolutionary consequences of deceptive
displays are hard to interpret as they depend on the costs and
benefits of deception to both senders and receivers (Stuart-Fox,
2005). We reported 80.00% of mating success in males S. plangon
that used DLD to avoid male competitions; possibly, DLD is
a common and successful strategy in the mating system of S.
plangon (Brown et al., 2012).

We reported DPL as a new pattern in our study. This display
was exclusive to males and used during courtship, and involved
running bands across areas where cuttlefish reflected strong PL
signals; four of five males successfully mated after showing this
pattern. This pattern is similar to the Passing cloud display
of S. officinalis (Hanlon and Messenger, 1988). However, the
passing cloud was only reported in juveniles, and it is a defense
mechanism involving bands running across the entire body.
In contrast, DPS has dark bands running horizontally across
the arms stripes and around the eyes. It is possible that S.
plangon might control the intensity of PL signals for courtship
by controlling the expansion and retraction of chromatophores
as dark bands over the arms stripes. Although the evidence
supporting the direct control of PL signals for communication
in cuttlefish is not definitive yet (Shashar et al., 1996, 2002;
Mithger et al., 2009; Marshall et al., 2019), Gonzalez-Bellido
et al. (2014) reported that the expression of iridescence in squids
was controlled by the brain but also changed in response to
environmental luminance. Thus, the iridophores in cuttlefish
reflect strong PL signals potentially controlled by the brain, and
these signals could be used for communication with conspecifics
(Shashar et al., 1996). In this study we did not find any effect
by POL and UNPOL barriers; however, the perspective of
the animal under natural conditions should be considered in
the future to investigate polarized vision and communication
(Marshall et al., 2019).

S. plangon body patterns differed between the winner and
loser males. Winners showed up to 17 body patterns and 33
components, whereas losers only showed 12 patterns and 24
components. Conversely, females that did not mate showed
more body patterns (18) than mating females (16) (Figure 10).
The dynamic and repetitive nature of the courtship displays
was similar between winners and losers; however, the number

of times that winner showed each pattern and component
of the courtship was higher than those in loser (Figure 4).
Highly repetitive signals may have provided more information
about mate quality by transmitting the same message (courtship
display) multiple times. Therefore, females could assess more
accurately one or more stimuli that are displayed repeatedly
before choosing a mate (Mowles and Ord, 2012). We identified
32 sequences of visual signals displayed by males S. plangon
that were crucial for successful mating. These sequences were
composed of combinations of four body patterns (DM, LM,
UB, and UL) and six components (der, eb, ps, fr, eaf, and ra)
in a specific order (Figure 11). Similarly, females showed up
to 43 sequences composed of five body patterns (DM, LM,
STD, UB, and WD) and seven components (a, ad, der, lvp,
ps, ra and sa). Therefore, it was not just the presentation of
these body patterns that led to mating, but the sequence of
specific body patterns. A similar study done by Lin et al. (2017)
analyzed the visual signals and body patterns of the squid S.
lessoniana for reproductive behavior. They reported that each
behavior was composed of multiple chromatic components, and
each component is often involved in multiple behaviors. Thus,
the dynamic body patterning and expression of unique sets of
components represents an efficient communication system in
squids. Our results suggest that S. plangon also use specific set
of signals (body pattern, chromatic, postural, locomotor, and
textural components) to communicate efficiently for successful
mating. In females, the most frequent postural components for
mating involved the arms (e.g., arms dropped, raised arms, and
splayed arms), which could be associated with the fact that male
cuttlefish deposit the sperm in the female’s buccal area (Hall and
Hanlon, 2002; Naud et al., 2004; Hanlon and Messenger, 2018).
Therefore, females exposing the buccal area to the male could be
interpreted as a positive cue for mating.

The dummies used in this study did not trigger behavioral
interactions with the cuttlefish, suggesting that a static body
pattern component is not a strong stimulus to start courtship
behavior. One suggestion for future studies would be to present
videos of real animals to the cuttlefish and see whether the
video of a real mate triggers courtship behavior. In fact,
Pignatelli et al. (2011) and Temple et al. (2012) have previously
shown that squids and cuttlefish react to computer-generated
polarized looming stimuli. However, these investigations did not
test the reaction to a PL video of a real cuttlefish displaying
courtship patterns.

This study was the first to report in detail the reproductive
behavior of S. plangon under different sex ratios and light
conditions. Sex ratio was the only factor that had a significant
effect on courtship frequency. Furthermore, we showed evidence
that the size or presentation of a specific body pattern and posture
is not sufficient to initiate courtship behavior in S. plangon, as 3D
models did not trigger any mating. We found that the number
and specific order of sequences of body patterns and components
are determinant for successful matings, presented as dynamic
courtship signals. We introduced S. plangon as an attractive
animal model and very convenient for laboratory behavioral
studies due to its small size.
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APPENDIX

Material Methods
Sample Size

TABLE A1 | Sample size (n = number of experiments) for each condition tested in
this study.

1M:1F- 1M:1F- 1M:1F- 1M:2F- 1M:2F- 1M:2F- 2M:1F- 2M:1F-
DIRECT POL UNPOL DIRECT POL UNPOL DIRECT UNPOL

n 6 2 1 5 2 2 6 1

3D Printed Cuttlefish Models

e CGTrader — model 1:  https://www.cgtrader.com/3d-
models/animals/fish/cuttlefish-e0177629-4eba-4166-b54c-
a2b06c9e011c

o CGTrader model 2: https://www.cgtrader.com/3d-models/
animals/fish/low- poly-cuttle-fish-animated-game-ready

e CGTrader  model 3:  https://www.cgtrader.com/3d-
models/animals/fish/cuttlefish-19d89111-3607-4770-8303-
59f5a98c2dde.
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Cephalopods have very conspicuous eyes that are often compared to fish eyes.
However, in contrast to many fish, the eyes of cephalopods possess mobile pupils.
To increase the knowledge of pupillary and thus visual function in cephalopods, the
dynamics of the pupil of one of the model species among cephalopods, the common
octopus (Octopus vulgaris), was determined in this study. We measured pupillary area
as a function of ambient luminance to document the light and dark reaction of the
octopus eye. The results show that weak light (<1 cd/m?) is enough to cause a pupil
constriction in octopus, and that the pupil reacts fast to changing light conditions. The
tso-value defined as the time required for achieving half-maximum constriction ranged
from 0.45 to 1.29 s and maximal constriction from 10 to 20% of the fully dilated pupil
area, depending on the experimental condition. Axial light had a stronger influence on
pupil shape than light from above, which hints at a shadow effect of the horizontal
slit pupil. We observed substantial variation of the pupil area under all light conditions
indicating that light-independent factors such as arousal or the need to camouflage the
eye affect pupil dilation/constriction. In conclusion, the documentation of pupil dynamics
provides evidence that the pupil of octopus is adapted to low ambient light levels.
Nevertheless it can quickly adapt to and thus function under brighter illumination and
in a very inhomogeneous light environment, an ability mediated by the dynamic pupil in
combination with previously described additional processes of light/dark adaptation
in octopus.

Keywords: pupil, vision, pupil light reaction, pupil dark reaction, shadow effect

INTRODUCTION

The cephalopods are a molluscan class that differs from other members of the phylum by a number
of characters such as the anatomy of the body and the organization of the nervous system. One
of the most prominent characteristics of cephalopods are their eyes (for review see Packard, 1972;
Messenger, 1979; Land, 1984; Budelmann, 1994, 1996). They are large and often actively scanning
the animal’s surrounding. To some extent, cephalopod eyes resemble vertebrate camera-type eyes.
A conspicuous feature of the cephalopod eye is its pupil, which is peculiarly shaped in some
species. Pupil shape varies from horizontal to U- or W-shaped in bright light depending
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on species (see Figure 1 and photos within for example A dynamic pupil, as present in cephalopods, generally helps
Douglas, 2018). A number of studies have already tried to assess (1) to balance sensitivity and resolution of an eye (Douglas, 2018),
the function of these specific pupillary shapes (Hanlon and and (2) to adapt the eye to different light conditions thereby
Messenger, 1988; Schaeffel et al., 1999; Mithger et al, 2013; avoiding the saturation of the photoreceptors and increasing
Stubbs and Stubbs, 2016) or provided descriptions of the anatomy  the probability of light detection. Besides pupillary changes,
of the iris as well as of pupillary dynamics in some species (Beer, —adaptation to light can involve the migration of screening
1897; Magnus, 1902; Wiley, 1902; Hess, 1910; Heidermanns, pigment — separating the two rhabdoms of a photoreceptor
1928; Weel and Thore, 1936; Froesch, 1973; Muntz, 1977; Hurley — and separating the distal segments of the photoreceptors, or
et al,, 1978; Muntz and Ray, 1984; Douglas et al., 2005; Bozzano  changes in the photoreceptor length in cephalopods (Babuchin,

et al., 2009; McCormick and Cohen, 2012; Matsui et al., 2016). 1864; Rawitz, 1891; Hesse, 1900; Hess, 1905; Glockauer, 1915;
A 5
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FIGURE 1 | Experimental setup and procedure. (A) Sketch of the experimental setup to record pupillary responses. During measurements, the animal (Ov) was
hiding in its den (D) in its holding tank (T). The scene was either illuminated axially with the light box (LB) and camera C as shown or from dorsal (position of light box
shaded, DI; camera remains in position as during axial ilumination). Within the light box, light of three reflector light bulbs (L) was reflected numerous times by
aluminum foil lining the inside of the box before it indirectly hit the semitransparent front plate (FP). The scene was additionally iluminated by infrared light (IR) allowing
to document the pupil in darkness/dim light conditions. Not drawn to scale. (B-D) Pupil of Octopus vulgaris. B Constricted pupil when the scene was illuminated
with 170.3 cd/m? axially. Absolute pupil area was 4 mm? on this frame. C Dilated pupil measured in darkness under IR-light before the light was switched on.
Absolute pupil area was determined as 33 mm? on this frame. (D) Image of the dilated pupil showing how the pupil was encircled in ImageJ to determine the pupil
area. Scale 10 mm. (E,F) Sketch of the experimental procedure to document (E) the pupil light reaction (PLR) and (F) the pupil dark reaction (PDR). For both pupil
reactions, the animal was first kept in darkness (dark period 1) followed by a light period. During this light period with a specific light level set up, the pupil light
reaction was documented. The pupil dark reaction was recorded in a subsequent dark period (dark period 2).
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Hagins and Liebman, 1962; Young, 1963; Daw and Pearlman,
1974; Suzuki et al., 1985; Suzuki and Takahashi, 1988; Gleadall
et al., 1993; Bozzano et al., 2009). Cellular processes within the
photoreceptors might additionally adapt the eye.

The pupillary reflex is usually considered to be a fast
mechanism of adaptation. A fast pupil response is indeed
characteristic for the eyes of some cephalopod species (Table 1).
It takes the pupils of Lolliguncula brevis (McCormick and
Cohen, 2012), Sepia officinalis, and Eledone cirrhosa (Douglas
et al.,, 2005), Todarodes pacificus (Matsui et al., 2016) as well
as Sepioloidea lineolate (Douglas, 2018) only 1-3 s to constrict;
the tsp-values, defined as the time required to achieve 50%
pupil constriction, were assessed as 0.3-1.5 s in these species. In
contrast, the pupils of Japetella diaphana and Nautilus pompilius
react more slowly to changes in light condition (Table 1; Hurley
et al., 1978; Douglas, 2018). Previous studies described that
diffuse light is sufficient to cause constriction of the cephalopod
pupil (Beer, 1897; Weel and Thore, 1936). Most cephalopods
seem to lack a consensual pupil response (Beer, 1897; Magnus,
1902; Weel and Thore, 1936; Douglas et al., 2005; McCormick
and Cohen, 2012), thus if one eye is illuminated, only the pupil
of this eye constricts but not the pupil of the non-illuminated
eye. Nautilus (Nautilus pompilius), on the other hand, has a
consensual pupil response (Hurley et al., 1978), meaning that
both pupils constrict even if only one eye is illuminated. In
the Atlantic brief squid (Lolliguncula brevis), the pupil of the
unstimulated eye also contracts, but less so than the pupil of the
stimulated eye (McCormick and Cohen, 2012).

In this study, the pupil light and dark reaction of the common
octopus, Octopus vulgaris, was analyzed; throughout the text, we
will refer to the common octopus as octopus for simplicity. The
pupil of octopus is circular when the eye is in darkness and
constricted to a horizontal slit in bright light (Figures 1B,C).
Previous researchers have already described some aspects of
the pupil/iris of octopus such as the brain centers, nerves, and
muscles controlling pupillary function (Magnus, 1902; Weel and
Thore, 1936; Budelmann and Young, 1984), the histological fine
structure of the iris (Froesch, 1973), and the fact that the octopus
always keeps its slit-shaped pupil horizontal irrespective of body
position (Wells, 1960). In a similar way as in other animals
(Douglas, 2018), the pupil size of octopus is not only depending

on the ambient illumination but also on other factors such as
arousal (Weel and Thore, 1936). According to Weel and Thore
(1936), the octopus has a non-consensual pupil response thus the
pupil is only constricting when the respective eye is illuminated
by light but not when the contralateral eye is illuminated. This
observation is consistent with the octopus often looking at objects
with one of its laterally placed eyes only (Heidermanns, 1928;
Muntz, 1963; Byrne et al., 2002) and showing asymmetry in eye
use (Byrne et al., 2002).

Pupillary dynamics in Octopus vulgaris, which, according
to our knowledge, have not been quantified before, were of
interest as one tessera of the mosaic of vision and the visual
abilities in octopus. The rate of pupillary constriction and dilation
reflects the rate of light changes experienced by the animal
in its daily life, and the light range within which the pupil
dilates or constricts differentially is informative regarding the
animal’s light environment. Besides the documentation of the
pupillary dynamics, the aim of this study was to compare
the pupil light and dark reaction when the eye is illuminated
axially or from above (called dorsal illumination hereafter).
Observations made by ourselves and others (Hess, 1909, 1910;
Douglas et al., 2005; McCormick and Cohen, 2012; Mithger et al.,
2013) suggested that the horizontal and probably even more the
W- or U-shaped pupils of cephalopods serve to protect the eyes
from down-welling light. Consequently, dorsal compared to axial
illumination should affect the octopus pupil less; a hypothesis
tested in the study at hand.

MATERIALS AND METHODS

Experimental Animal

Pupillary reactions were documented in one wild-caught (Tuscan
Archipelago of the Mediterranean Sea), female adult common
octopus, Octopus vulgaris, with a mantle length of 6.5 cm. At the
Marine Science Center Rostock, Germany, it was housed solitarily
in a compartment (130 x 85 x 78 cm) of a 3,000 1 seawater
aquarium with a substrate composed of small stones and small
pieces of corals. Large stones as well as shells were provided to
allow the animal to hide underneath or to construct a den. In
the aquarium, salinity was kept at 32-33 g/kg, temperature was

TABLE 1 | Overview of the results obtained in previous studies on pupillary reactions in cephalopods including the tso-value, the time interval after light onset, at which
half-maximum constriction is reached (in s), the maximal constriction of the pupil (in % of the fully dilated pupil before light onset), the pupillary parameter (either pupil

area or pupil diameter) measured during the study, and the reference.

Species t50 (S) Maximal constriction

(%) Measure of References
pupillary opening

Eledone cirrhosa 0.65 <3 Area Douglas et al., 2005
Japetella diaphana 6.2 8 Area Douglas, 2018; (Figure 20)
Sepia officinalis 0.32 <3 Area Douglas et al., 2005
Sepioloidea lineolate 0.4 2 Area Douglas, 2018 (Figure 19)
Loliguncula brevis 0.49-1.2 24 Area McCormick and Cohen, 2012
Todarodes pacificus 1-1.5 <20 Diameter Matsui et al., 2016 (Figure 5)
Nautilus pompilius 39 20 Vertical diameter Hurley et al., 1978 (Figure 1A)
40 Horizontal diameter Hurley et al., 1978 (Figure 1B)
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adjusted to 21-23°C, and water quality was regularly checked.
After transport, the animal was adapted to the salinity and
temperature of the aquarium by adding water from the holding
tank dropwise to the container the animal was residing in and
that contained natural ocean water from the point of capture.
During the phase of adaptation, lasting several hours, the animal
was continuously monitored.

A day and night cycle with 9 h daylight, 1 h dusk and dawn,
and 13 h night was achieved with the help of artificial illumination
(Aqua Medic Ocean Lights, Reef blue, 2x 150 W and T52x54 W,
Bissendorf, Deutschland; Starlicht KOS Cut-Case 1x13L White,
Herzebrock-Clarholz, Deutschland).

During the study with an experimental phase of 2 months,
the octopus was fed with a mixture of northern prawn (Pandulus
borealis), petan fish (Osmerus eperlanus), and saltwater mussles
(Mytilidae sp.) 6-7 days a week ad libitum.

Maintenance, care, and welfare followed published
recommendations (Smith et al., 2013; Fiorito et al., 2014,
2015). This study was conducted in accordance with the directive
2010/63/EU, and maintenance and the measurements (Permit
No. 6712GH00113, Staatliches Amt fiir Umwelt und Natur
Rostock, Landesamt fiir Landwirtschaft, Lebensmittelsicherheit
und Fischerei, Mecklenburg-Vorpommern) as well as the
transport (EG Verordnung 1/2005, Reg.-Nr. 082120000714)
were approved by local authorities. The ARRIVE guidelines
(Kilkenny et al., 2010) checklist was the basis for the preparation
of this manuscript.

Experimental Setup
The pupillary reactions of the octopus were documented with
the animal residing in its home tank (Figure 1A). For the
documentation of the pupil light and dark response (PLR, PDR),
the octopus eye was illuminated with light emitted from a light
box that was directly attached to the aquarium from outside.
The light box was installed either on the side of the aquarium
to illuminate the eye axially or placed on top of the aquarium to
illuminate the eye from above.

The front plate of the light box was a square acrylic plate
with 25 cm side length. It allowed 92% of the light to be
transmitted. This plate was indirectly illuminated by the light of

three 20 W lamps (mirror reflector bulb, CIL FTD/A 20W/12V,
diameter 77 mm) reflected by aluminum foil lining the inside
of the box. The position of the lamps was adjusted to achieve
a homogenous illumination of the front plate varying only
by &+ 12% across the surface on average. The light box emitted
light of wavelengths between 400 and 860 nm (measured with
Ocean Optics spectrometer USB 2000). Additional infrared light
at 850 nm was always illuminating the scene allowing the
documentation of the pupil responses with an infrared-sensitive
camera even at the lowest light intensities.

The light emitted from the light box could be dimmed with
a dimmer (REV Ritter GmbH, 40-300W, 230V, Typ EMD 200).
Nine different light intensities ranging from 0.7 £ 0.4 cd/m? to
186.1 + 18.7 cd/m? were chosen to document the pupil responses
(Table 2). The luminance of the light box was measured with
a luminance meter (Minolta Luminance Meter LS-110, Japan)
from the distance at which the eye of the octopus had been
within the aquarium during measurements, at five points on the
front plate after every measurement/light period. Final luminance
values (Table 2) represent averages of all measurements per light
level (axial illumination N = 45, dorsal illumination N = 40).
Additionally we assessed tso-values of the light unit for three
luminances: 0.29 + 0.017 s for 1 cd/m?, 0.25 + 0.000 s for
60 cd/m?, and 0.142 £ 0.003 s for 150 cd/m?; the tsy value
indicates the time needed to reach half maximum luminance.

The pupil responses were recorded with a camera (DSP CCD
Camera XC229SR) at 30 fps, which was always filming the
octopus eye axially (Figures 1B,C).

Experimental Procedure

The octopus was filmed when sitting in its den with only
its eyes protruding. Before each experimental session, the
room was completed darkened, and the octopus was kept in
darkness for a minimum of 3 min during which time the
pupil dilated fully (Figure 1C). After this initial dark period
(dark period 1, Figure 1E), the light source was switched on
with the lowest luminance (light period with light level 1,
Figure 2E and Table 2). The PLR was recorded during this
light period that lasted 15-600 s depending on the experimental
phase. Immediately after the recordings were finished, the

TABLE 2 | Light levels used to elicit a pupil response of Octopus vulgaris during axial and dorsal illumination average luminance as well as log (luminance) in cd/m? + SD)
as well as the tsp-values (in s) determined during the respective pupillary light reaction with the number of measurements (N) performed to determine the t5p-value.

Axial illumination

Dorsal illumination

Luminance (cd/m?) Log (Luminance) (cd/m?) ts50 (S) N Luminance (cd/m?2) Log (Luminance) (cd/m?) ts0 (S) N
0.7+04 —0.15 £ 0.40 0.83 6 1.0£0.3 0+ 0.52 1.29 5
22+0.8 0.34 +0.10 0.57 7 24+06 0.38 +0.22 1.06 7
17.6 £ 3.9 1.2 +£0.59 0.45 9 18.3 + 3.3 1.26 + 0.51 0.66 8
24.3+5.0 1.39 £0.70 0.50 9 26.4 +4.7 1.42 £0.67 0.60 8
50.9 + 8.1 1.71 £ 0.91 0.54 9 59.7 + 8.1 1.78 £ 0.91 0.61 8
66.1 +£11.8 1.82 + 1.07 0.50 9 74.0+9.3 1.87 + 0.97 0.56 8
104.5 + 14.5 2.02 £1.16 0.52 9 1159+ 10.4 2.06 + 1.02 0.54 8
1256.8 +18.2 210+ 1.26 0.52 9 142.3 + 14.6 215 +1.16 0.59 8
170.3 £ 21.6 2.23+1.33 0.49 9 186.1 + 18.7 2.27 +£1.27 0.59 8
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luminance of the front plate was measured. Before the next
measurement, the animal was again in darkness for at least
3 min, ensuring that the pupil was fully dilated before the
animal was exposed to the next light level. This way the
luminance was increased stepwise from light level 1 to light level
9 (Table 2).

To assess the PDR, the octopus was first exposed to a dark
period (dark period 1, Figure 1F), and second to a light period
(Figure 1F) as during the documentation of the PLR. After
this light period, during which a specific light level was set up
(Table 2), the light was switched off, and the camera recorded

the response of the pupil to sudden darkness over time (dark
period 2, Figure 1F).

Data Analysis

For every PLR measurement, 140 frames (4.6 s) during
the light period with the first frame at light onset were
analyzed in Image] (Wayne Rasband). For the documentation
of the PDR, 140 frames (4.6 s) during the dark period
with the first frame at light turn-off were taken for
the analysis, respectively. Thus the PLR and the PDR
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were assessed over a time interval of 4.6 s with time
steps of 0.125 s.

Pupillary area (Figure 1D) was measured with Image] (Wayne
Rasband, W.S., Image], U. S. National Institutes of Health,
Bethesda, MD, United States, 1997-2018") on all selected frames.

A few frames could not be analyzed as

(1) the frame was blurred, mainly due to movements of the
animal, or

(2) the pupil was fully or partially occluded, for example by an
arm of the octopus.

To present the PLR and PDR, the pupil area was expressed
as percent of the fully dilated pupil area measured on the first
frame of the corresponding light period (Douglas et al., 1998,
2005; McCormick and Cohen, 2012).

The following aspects were analyzed:

(1) Pupil light reaction (PLR) - analysis of the pupil over time
as a reaction to axial and dorsal light.

a. tsp-value defined as the time after the onset of
the light phase to achieve 50% maximum pupil
constriction, derived from the minimal and the
maximal pupil area measured.

b. the PLR over a prolonged time period of 10 min as
exemplary measurements

c. maximum pupil constriction, defined as the minimal
pupil area occurring during a measurement

(2) Pupil dark reaction (PDR) - analysis of the pupil area
over time as reaction to darkness after axial and dorsal
illumination in the light period.

a. the PDR over a prolonged time period of 10 min as
exemplary measurements

b. maximum pupil dilation relative to maximal pupil
area assessed right at the onset of the light period.

The data were statistically analyzed in R [R Core Team (2017)
R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria’].

RESULTS

After light onset, the pupil constricted within less than 1 s
(Figure 2; all measurements can be found in Supplementary
Figure 1 and Figure 3). The ts5-values ranged from 0.45 to
0.83 s for axial illumination and from 0.54 to 1.29 s for dorsal
illumination (Table 2). The pupil response was significantly
faster to axial illumination than to dorsal illumination for
low luminance values up to 2.4 cd/m? (general linear model
with comparison of means, p < 0.01; Figure 3A). For higher
luminance values, pupil reaction was not significantly faster
during axial illumination in comparison to dorsal illumination
(p > 0.05).

Uhttps://imagej.nih.gov/ij/
Zhttps;//www.R-project.org/

A

1.4

1.2

1.0 q
]
=
2 Dorsal PLR
084

0.6

Axial PLR
0.4 T T T T T
0 0.5 1 1.5 2 25

B

100

80
N
=
p Dorsal PLR
2 60
©
a
=]
= 40
g Axial PLR
£
= 20 -

0 T T T T
0 0.5 1 1.5 2 25
log(luminance)

FIGURE 3 | Summary graphs showing for the pupillary light reaction with
dorsal and axial illumination A the ts5o value (in s) and B minimal pupil area (in
% of the maximum pupil area at light onset) as a function of log (luminance).

With luminance values up to 17.6 cd/m? for axial illumination
(general linear model with comparison of means, p < 0.001) and
to 26.4 cd/m? for dorsal illumination (general linear model with
comparison of means, p < 0.05), the pupil only closed partially
(Figures 2, 3B). Higher ambient luminance values did not result
in a significantly different pupil reaction.

Single measurements over a time period of 10 min revealed
that the pupil finally re-dilated in light up to 86.4% of its maximal
area for axial illumination (Figure 4). For dorsal illumination,
the pupil even dilated completely with the pupil area reaching
values above 100% of its initial maximal area at the onset of
the light period.

The pupil area at maximum constriction of 10.3% of the
dilated pupil area for axial illumination and 18.1% for dorsal
illumination was reached after 4.3 and 3.5 s, respectively.
For every light level, the pupil area was smaller during axial
than during dorsal illumination (general linear model with
comparison of means, p < 0.05).
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1). Only one low and one higher luminance

During the PDR, full pupillary dilation (Figure 5; all
measurements can be found in Supplementary Figure 2 and
Figure 4) took slightly longer than 1 s especially when the eye
was illuminated axially. Under this condition, there was more
variation in the final pupil area than under dorsal illumination,
and low light levels experienced before the documentation of
the PDR caused the pupil to dilate to a larger area than the
pupil area measured on the first frame of the light period.
Prolonged measurements in darkness revealed that pupillary area
varied drastically even in darkness with the pupil sometimes
constricting even down to 66.9% for previous axial illumination
and 84.3% for previous dorsal illumination (Figure 3).

DISCUSSION

In this study, we documented the course of the pupil light and
dark reaction of one common octopus, Octopus vulgaris. This
octopus showed vivid pupillary responses, and the resulting data
are similar to pupillary reactions documented for other animals
including other cephalopods (Douglas, 2018). Furthermore the
reproducibility of our measurements is high. Thus we are

confident that our measurements are reliable for this individual.
Future measurements could help to clarify whether our results are
representative for the species by measuring pupillary responses
in other octopus individuals that will allow us to document their
pupillary response without restrain. At the same time, the non-
consensual pupillary response of the octopus described by Weel
and Thore (1936) could be quantified in these future experiments.

Only weak light of <1 cd/m? was necessary to cause the
pupil of Octopus vulgaris to constrict, similar to observations by
previous researchers (Beer, 1897; Weel and Thore, 1936). A pupil
constriction upon experiencing low ambient light is generally
found in animals that are active under low light conditions
(Douglas, 2018). The octopus experiences low light intensities for
example in its den or when being active at night (Woods, 1965;
Altman, 1966; Kayes, 1974) or during dusk or dawn (Mather,
1988). Thus a pupillary response adapted to operate under dim
light conditions fits the ecology of the common octopus.

After the light was switched on, the octopus pupil closed
within approximately 1 s. It needs to be mentioned that, in
this study, we might have slightly overestimated the tsg value
as the light was not instantaneously on; in the future, the
pupillary responses could be re-determined and compared with
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FIGURE 5 | Dark reaction of the octopus pupil when (A) illuminated axially or (B) from dorsal. The pupil size on the first frame of the light period was taken as 100%
pupillary area. Therefore values above 100% occur. Zero on the time axis indicates when the light was switched off. Each data point represents the mean value of the
pupillary area of 3-9 measurements. The luminance of the light source in cd/m? in the light period preceding the respective dark phase 2 is indicated in the legend.

new data obtained with a different light source that can be
switched on instantaneously. The PLR of octopus as currently
determined was slower than that of birds, but similar to that
of humans or teleost fish (for overview see Douglas, 2018).
Time for pupil closure was also in the same range as for many
previously examined cephalopods (Table 1; Douglas et al., 2005;
McCormick and Cohen, 2012; Matsui et al., 2016; Douglas,
2018). Most likely, the PLR is fast in these cephalopods as they
experience rapid changes in ambient illumination in their natural
habitat. Octopus vulgaris that can show diurnal activity (Meisel
et al., 2003, 2006), might experience a fast and large increase
of light intensity when leaving its dark den in shallow water
during daytime. In this or similar situations, light incidence

into the eye is regulated rapidly by the pupil, avoiding photon
overload. However, under these circumstances, the pupil alone is
not sufficient to adapt the eye; it has to be accompanied by other
mechanisms (Douglas et al., 2005) such as pigment migration
and/or changes in the length of the photoreceptors as mentioned
in the introduction.

During our measurements, light caused the pupil to maximally
constrict to approximately 10% of the dark-adapted pupil area.
This maximal value is similar to previous results obtained
in cephalopods (Table 1). However, we never observed the
octopus pupil to constrict even further allowing light to only
penetrate the eye at the two corners of the pupil as described
for Octopus vulgaris by Weel and Thore (1936) and by
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Heidermanns (1928). It remains to be determined whether the
pupil of other Octopus vulgaris individuals would constrict to
less than 10% of the dark-adapted pupil area. A constriction
down to 10% fits to the octopus being a shallow-water species
(Jereb et al., 2014; Sanchez et al., 2015). By contrast, many
species diving fast and deep can close the pupil to much smaller
areas (see for example data obtained in seals Levenson and
Schusterman, 1997), which prepares the eyes for the darkness
encountered at depth.

Under dorsal illumination, light had less effect on pupil
area, compared to axial illumination; higher light intensities
were required to cause pupillary constriction, and maximal
constriction was 18%, thus less closed by almost a factor of
two. In line with Jagger and Sands (1999) and Mithger et al.
(2013), we conclude that these effects were likely caused by the
horizontal pupillary slit of octopus shielding light from above.
Such a shadow effect is beneficial in the habitat of octopus (Jereb
et al., 2014), in which light incidence is almost exclusively from
above (see for example Figure 5B in Mithger et al., 2013). As
a consequence, a homogeneous illumination in the eye is most
likely achieved (Jagger and Sands, 1999; Mithger et al., 2013),
and local adaptation of the retina will not be necessary. To
support this consideration, a retinal illumination map would
need to be computed for octopus the same way as was done in
Sepia officinalis (Mithger et al., 2013) and the octopus pupillary
responses would need to be recorded with illumination from
different sectors for comparison.

The PLR was slightly faster than the PDR in octopus as
documented for humans (Mathot, 2018) or insects (Stavenga,
1979; Stavenga et al., 1979). The fact that both reactions are
fast, suggests that the eye of octopus possesses a dilator and a
sphincter muscle. Froesch (1973) described a muscle layer within
the iris of octopus, however, he could not distinguish between
sphincters and dilators; an aspect that still awaits examination
in a future project. Modeling the pupillary responses of Octopus
vulgaris (see models for the human pupil such as Longtin
and Milton, 1989; Pamplona et al., 2009; Fan and Yao, 2011;
Johansson and Balkenius, 2017), another possible direction of
current research, might additionally help to understand the
underlying mechanisms.

We observed variations in pupil area under all experimental
conditions. These variations can possibly be explained by pupil
size serving additional functions besides the regulation of light
incidence. First, if the lens suffers from longitudinal spherical
aberration, a constricted pupil can result in an enhanced quality
of the image, because light is restricted to the central part of the
lens (Sivak, 1991; Douglas et al., 2005). Most likely the spherical
lenses of Octopus vulgaris and other octopus species are corrected
for longitudinal spherical aberration (Jagger and Sands, 1999).
However, if some residual longitudinal spherical aberration was
present as in other cephalopods (Sivak, 1982; Sroczynski and
Muntz, 1985; Sroczynski and Muntz, 1987; Sivak, 1991; Sivak
etal., 1994; Kroger and Gislen, 2004; Sweeney et al., 2007), closing
the aperture of the eye would benefit image quality. Second,
depth of focus is large in an eye with constricted pupil; being
horizontally slit-shaped, depth of field is increased for horizontal
contours (Banks et al, 2015). At specific times, it might be

advantageous to have several objects in focus simultaneously
eliminating the need for strong accommodation, even though
Octopus vulgaris might be able to accommodate (Beer, 1897).
Third, a constricted pupil could help to camouflage the eye.
Cephalopods are masters of camouflage, however, camouflaging
the eye is challenging especially if the pupil is dilated and can
thus be seen as a large, dark, and regular spot. In contrast, a
constricted pupil is less conspicuous than a dilated pupil as the
dark area is smaller. Thus constricting the pupil, in combination
with chromatophores and iridophores on the iris (Froesch, 1973),
might conceal the eye for example in the presence of predators.
In a benthic animal, predators might primarily approach from
above, the direction which might be perfectly shielded by the
horizontal arrangement of the pupil of octopus if the dorsal part
of the eye lid indeed serves as a dorsal shield; an aspect that needs
to be worked on in the future. An eye concealment function of
the pupil has already been put forward for bottom-dwelling fish
with mobile irises (Douglas, 2018; Youn et al., 2019) that stand
in contrast to most teleost fish with immobile irises (Douglas,
2018). Lastely, a constricted and especially constricted off-axis
pupil can increase chromatic blur of the optical system which
monochromats might be able to use to obtain color information
nevertheless (Stubbs and Stubbs, 2016).

While the previously mentioned functions relate to a
constricted pupil, a dilated pupil can also fulfill additional
functions; these might explain why we observed a strong re-
dilation in light over time. The pupil might dilate due to
arousal (Weel and Thore, 1936), or the dilated pupil could serve
as an intraspecific signal (Packard, 1972). Additionally, if the
pupil dilated when viewing close objects, defined as the near
response, then the animal could use accommodation to judge
its distance to an object (Wells, 1966). In general, pupil dilation
can also be part of a deimatic display, as it possibly creates the
illusion of being larger which could be essential when a predator
suddenly appears (Wells, 1966; Hanlon and Messenger, 1988,
1996; Messenger, 2001).

CONCLUSION

In conclusion, the common octopus can rely on a mobile
pupil to assist light and dark adaptation in its at times light-
inhomogeneous environment.
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Eyes morphologies may differ but those differences are not reflected at the molecular
level. Indeed, the ability to perceive light is thought to come from the same conserved
gene families: opsins and cryptochromes. Even though cuttlefish (Cephalopoda) are
known for their visually guided behaviors, there is a lack of data about the different opsins
and cryptochromes orthologs represented in the genome and their expressions. Here
we studied the evolutionary history of opsins, cryptochromes but also visual arrestins in
molluscs with an emphasis on cephalopods. We identified 6 opsins, 2 cryptochromes
and 1 visual arrestin in Sepia officinalis and we showed these families undergo several
duplication events in Mollusca: one duplication in the arrestin family and two in the opsin
family. In cuttlefish, we studied the temporal expression of these genes in the eyes of
embryos from stage 23 to hatching and their expression in two extraocular tissues, skin
and central nervous system (CNS = brain + optic lobes). We showed in embryos that
some of these genes (Sof_CRYg, Sof_reti-1, Sof_reti-2, Sof_r-opsin1 and Sof_v-arr) are
expressed in the eyes and not in the skin or CNS. By looking at a juvenile and an adult
S. officinalis, it seems that some of these genes (Sof_r-opsin1 and Sof_reti1) are used
for light detection in these extraocular tissues but that they set-up later in development
than in the eyes. We also showed that their expression (except for Sof_CRYg) undergoes
an increase in the eyes from stage 25 to 28 thus confirming their role in the ability of
the cuttlefish embryos to perceive light through the egg capsule. This study raises the
question of the role of Sof_CRYg in the developing eyes in cuttlefish embryos and the
role and localization of xenopsins and r-opsin2. Consequently, the diversity of molecular
actors involved in light detection both in the eyes and extraocular tissues is higher than
previously known. These results open the way for studying new molecules such as those
of the signal transduction cascade.

Keywords: opsin, cryptochrome, arrestin, eye, development, Sepia officinalis
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INTRODUCTION

Eyes are specialized light-sensitive sensory structures, most
of time involved in image forming vision. They can take a
wide variety of shapes and the molluscan clade displays an
amazing diversity of eye morphologies: pallial eyes in bivalves,
cephalic eyes in gastropods, ocellus in chitons and camerular
eyes in cephalopods. Cephalopods in general, and cuttlefish
in particular, have been extensively studied for their visually
guided behaviors. The visual system of coleoid cephalopods is
mainly composed of two large spherical eyes with a lens, a
vitreous cavity and an iris, known as camera (or camerular)
eyes. They are linked to optic lobes through optic nerves.
Optic lobes are located on each side, between the eye and the
brain. They are involved in visual processing and visuomotor
control and are essential for the transmission of light information
to the brain (Boycott, 1961; Young, 1962, 1974). In Sepia
officinalis, the two optic lobes represent about twice the size
of the brain (Nixon and Young, 2003) and the eyes harbor
rhabdomeric photoreceptor cells as in many protostomians. This
visual system sets up during embryogenesis. This was described
in Sepiella japonica: first the eyes vesicles are formed, then a
light orange pigmentation starts to appear on the retina and
darkens until reaching a dark brown color at the time of
hatching. The photoreceptor cells appear from a differentiation
of the retinal epithelium and are mature a little before hatching
(Yamamoto, 1985). Furthermore, electrophysiological studies
have shown that eyes of S. japonica embryos were already
reacting to light before the final differentiation of the retina
(Yamamoto et al., 1985). In S. officinalis, the macroscopic setting-
up of the visual system is similar (Figure 1; Boletzky et al,
2016). Behavioural studies have shown that the embryo is able
to answer a light stimulation as soon as the pigmentation
starts to appear in the eyes (stage 25: Romagny et al., 2012).
Indeed, this pigmentation is due to the presence of retinal
in the rhabdomes: retinal is a chromophore that switches
conformation when absorbing light, thus activating a light
sensing molecule. Actually, at the molecular level, photoreceptor
cells all contain light sensing molecules responsible of light
detection. These light sensing molecules interact with a variety
of other molecular actors, which either regulate their function
or act as down-stream effectors to ensure the transduction
of signals [depending on light sensing molecules reviewed
in Yau and Hardie (2009) and Chaves et al. (2011)]. The
transcription pathways of these molecules have just begun to be
studied in cephalopods.

Most studies focusing on light sensing molecules in
cephalopods have been done in adults whereas the embryos
are able to perceive light suggesting the visual system is already
functional in embryos (Romagny et al, 2012). Our work
aims at identifying the light sensing molecules expressed in
S. officinalis embryos in order to characterize the timeline
and the putative correlation of the respective appearance of
molecules and visual/photosensitive function. We focused on
opsins and cryptochromes and we also study the “squid visual
arrestin” (Yoshida et al., 2015) thought to be implicated in
phototransduction in visual cells.

The opsin family is a multigenic family of G protein coupled
receptors (GPCR) which can be found in most eumetazoans
(Porter et al., 2011; Feuda et al., 2012; Ramirez et al., 2016).
They bind retinal enabling light detection and have been studied
in many taxa for their involvement in vision. Phylogenetic
relationships of opsins are complex and a recent publication
with large sampling across eumetazoans suggested at least
9 opsins paralogs in the ancestor of bilaterians (Ramirez
et al, 2016). From these 9 groups of opsins, only 6 have
been identified in molluscs (canonical r-opsins, non-canonical
r-opsins, xenopsins, retinochromes, Go-opsins and neuropsins),
4 in cephalopods (canonical r-opsins, non-canonical r-opsins,
xenopsins, retinochromes) but only 2 in S. officinalis (Ramirez
et al., 2016). Most opsins are expressed in the eyes or in
neural tissues, even if they may also be found in other tissues
(Porter et al., 2011). In the pigmy squid (Idiosepius paradoxus),
5 sequences of opsins have been identified; all are expressed
in the eyes but only r-opsinl and retinochrome 1 (reti-1)
seem eye-specific (Yoshida et al, 2015). The authors also
documented a squid specific duplication of the retinochrome
gene and identified for the first time a xenopsin in a cephalopod
(firstly described as a c-opsin _ Yoshida et al.,, 2015; Ramirez
et al., 2016). In adult S. officinalis, the spatial expression of
the two known opsins has been studied: r-opsinl (rhodopsin
in the literature, Bellingham et al.,, 1998) and a retinochrome
are expressed in the eyes and the skin (Mithger et al.,, 2010;
Kingston et al., 2015a). Indeed, r-opsins are known for their
involvement in vision in many protostomians and retinochromes
are thought to work together with them. Retinochromes have
the ability to switch retinal back to its original conformation
after its linkage with r-opsins thus allowing r-opsins to
bind it and signal again. In situ hybridization also showed
that r-opsinl is expressed during late embryogenesis from
stage 23 to hatching in the eye of S. officinalis embryos
(Imarazene et al., 2017).

Cryptochromes belong to a family of molecules able
to sense light in the blue and UV range. This family
gathers photolyases and both animal and plant cryptochromes
(which are not homologous). These flavoproteins are usually
studied in the central nervous system (Benito et al, 2008).
They have been detected in photoreceptor cells in the eyes
of species far apart across the bilaterian phylogenetic tree
(in amphibians: Zhu and Green, 2001; in insects: Yoshii
et al, 2008; in mammals: Tosini et al., 2007; Niefiner
et al., 2016; in birds: Wiltschko and Wiltschko, 2014).
They have been mainly studied for their involvement in
non-visual light sensing roles such as control of circadian
rhythm, compass navigation and maybe even magnetoreception
[reviewed in Chaves et al. (2011)]. Recent studies in Drosophila
melanogaster suggested that a cryptochrome could be able
to interact with the phototransduction complex and that it
would have an indirect role in vision by regulating the
circadian plasticity of visual system sensitivity (Mazzotta et al.,
2013; Mazzotta and Costa, 2016). Usually three families of
animal cryptochromes are described: the Cryl23 and the
Cry45-Photolyase families which are found in all bilaterians
and the Cry6 family which has only been described in
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St.23  St.24-25 St.26

FIGURE 1 | Eye development in Sepia embryos. 30 developmental stages of Sepia officinalis are described (Boletzky et al., 2016). Top: full embryos, bottom:
magnification of the eyes. Eye pigmentation starts at stage 24-25 (light orange) then darkens until reaching a dark brown color at the time of hatching.

Eye pigmentation

$t.29-30

St.28

St.27

protostomians (Oliveri et al., 2014; Haug et al, 2015). In
molluscs, representatives of these three families have been
described (Oliveri et al., 2014). Regarding cephalopods, the only
published data focus on Euprymna scolopes (Heath-Heckman
et al., 2013). In this species, two different cryptochromes (escryl
and escry2) were identified with a daily cycling expression in the
head for both of them.

The arrestin family is known for its ability to regulate signal
transduction by interacting with GPCR. Several paralogs are
known to be specifically expressed in the photoreceptor cells and
to interact with visual opsins: S-Arrestin (or SAG) and Arrestin-
C (or Arrestin-X) (Craft and Whitmore, 1995) in vertebrates
and visual arrestins (also called phosrestines) in arthropods
(Montell, 1999; Merrill et al., 2003). Recently a “squid visual
arrestin”, specifically expressed in the eyes, was identified in three
Decabrachia cephalopods (Mayeenuddin and Mitchell, 2003;
Yoshida et al., 2015).

In this study, we identified and phylogenetically characterized
in S. officinalis the light-sensitive molecules, opsins and
cryptochromes, and one associated molecule, visual arrestin.
We localized transcripts of these molecules through different
technics in embryos, a juvenile and adults. Expressions were
found in the eyes but also in other tissues with photosensitive
properties (skin and CNS). The dynamics were established in
the developing eyes by looking at the temporal expression of
these genes in several late embryonic stages. We found diverse
photosensitive molecules and have a better understanding of
their evolutionary history in molluscs and in cephalopods.
Our results allowed us to try to link their expression to
the acquisition of visual function and photosensitivity before
and after hatching.

MATERIALS AND METHODS

Biological Samples, Dissection and
Fixation

Embryos

S. officinalis eggs were all obtained from Roscoff marine station
(CRB-Sorbonne Université-EMBRC, France) except the stage
30 embryo used for in situ hybridization (ISH), that comes
from Caen (CREC station-Université Caen Normandie). The
embryos used for RNA-seq were cultured in an open circulatory
system with filtered sea water at 17°C and under natural light.
The embryos used for RT-qPCR were kept in these same
conditions except that the photoperiod was controlled with
an alternating 12 h of light and 12 h darkness with a LED
mimicking daylight. The embryo from Caen (for ISH) was
kept for several weeks in a closed circulatory system, artificial
sea water at 19°C and under natural light. Embryos were
extracted from the chorion, in filtered seawater on ice in order
to anesthetize the animals, the yolk was removed and they were
staged (Boletzky et al., 2016). The fixation always took place from
June to early August during day time (from 10 a.m. to 4 p.m.)
under natural light.

For RT-qPCR experiment and RNA sequencing, the samples
were immersed in RNA later and kept in RNA Later (SIGMA)
at —20°C before being studied. Stages 23, 25, 28 and 30
were used for the RT-qPCR experiment and stages 24, 25,
and 30 for the RNA sequencing. Prior to extraction, eyes
were dissected and lens were removed, brain and optic
lobes were dissected and samples of dorsal and ventral
skin were taken.
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For in situ hybridization, a late stage 30 embryo was fixed
in 4% Paraformaldehyde (PAF-Formaldehyde- EMS, Hatfield) in
PBS 1X at 4°C, 3 times 24 h. After being rinse in PBS 1X (3 times
10 min), it was dehydrated in 50% methanol/50% PBS 1X for
20 min, and in methanol 100% for 48 h at 4°C. The embryo was
kept in methanol 100% at —20°C.

Juveniles

Eggs were obtained from Caen (CREC marine station-
Université de Caen Normandie). They were maintained in
a tank in a closed circulatory system of artificial seawater in
controlled condition of temperature (19°C) until hatching.
Hatchlings began to feed after 1 week, then juveniles were
fed with alive or frozen preys until 1 month old in a tank
equipped with structures adapted for animal welfare. They
were placed on cold seawater with MgCl2 as an anesthetic.
After several minutes, when no more reaction was observed,
animals were immediately immersed in RNA later. Brain,
eyes; skin, and other tissues were immediately taken and
kept in RNA later.

Sub-Adults

Freshly fished specimens of S. officinalis, from Atlantic Ocean (Ile
D’Yeu, France), that just died, were used. They were always kept
on ice and were dissected on the boat: eyes, brains, optic lobes
and skin were removed and placed in RNA Later. They were
kept for 6 days at room temperature and maintained at —80°C
until RNA extraction.

RNA Sequencing

RNA Extraction

Embryos

Eyes, skin and central nervous system (CNS = brain + optic
lobes) of embryos from stage 24, stage 25 (only eyes
and CNS) and stage 30 were used. For each organ, two
embryos were used per stage (=2 biological duplicates).
EZNA Mollusc RNA extraction kit (Omega bio-tek) was
used with an on-membrane DNAse I (Qiagen) treatment
and tissues were disrupted using lysis buffer from the kit
and vortex alone. RNAs were eluted in RNAse-Free water
at 65-70°C. Quantity and quality were assessed with Qubit
3 fluorometer (Invitrogen), NanodropTM (ThermoScientific)
and Bioanalyzer 2100 (Agilent). Finally, RNAs were stored at
—80°C before use.

Juvenile

Brain, skin, eye for one specimen and overall body and
shell sacs for three specimens were used. Tissue pieces were
homogenized using needle in TriZol reagent (Life Technologies,
Carlsbad, CA, United States) and the suspension was applied
on Qiashredder column (Qiagen), and deproteinized with
chloroform. Supernatant was applied on a gDNA eliminator
column (Qiagen) to eliminate DNA, and RNAs were purified
using Rneasy plus mini, midi or micro kit (Qiagen) depending
on the weight of the tissue. RNAs were kept in water,
the quality evaluated by Nanodrop™ (ThermoScientific) and
sent for sequencing.

Sequencing and Assembling

Embryos

RNAs were sequenced by BGI Inc., using Illumina HiSeq 2000
technology according to usual protocol. The 457.6 million clean
short reads sequences obtained (ranging from 21.2 to 39.9
million/sample; Average Q20 = 96.4%) were pulled to one
dataset and assembled de novo using Trinity (v2.8.4) (Grabherr
et al., 2011) with quality trimming by Trimmomatic package
(Bolger et al, 2014) forming 673645 contigs (N50 = 921).
Expression frequencies were calculated after read remapping
using bowtie2 (Langmead and Salzberg, 2012) on RSEM
(v1.3.1) (Li and Dewey, 2011). Therefore normalized data
representing the intensity of gene expression across samples
(FPKM = fragments per kilobase per million reads) were
obtained. The whole assembled sequences were also blasted
using Diamond against NR and Uniprot in order to identify
putative genes of interests. As we have duplicates, statistical
analysis were done using Edger package in R with a FC
threshold of 0.5 as recommended in literature for n < 3
(Schurch et al, 2016). We only considered results with a
p-value < 0.01.

Juveniles

Synthesis of ¢cDNA, library construction, Illumina sequencing
and generation of FASTQ raw files were achieved by the
sequencing platform of EUROFINS Genomics. Briefly, libraries
were prepared using a HiSeq RNA sample preparation Kit
(Illumina Inc., San Diego, CA, United States) according to
the manufacturer’s instruction. One lane was multiplexed
for 12 samples and was sequenced as 125-bp paired-end
reads using Illumina/Solexa technology (HiSeq 2500). For
each library FASTQ file generation was performed by RTA
v1.18.64.0 and CASAVA v1.8.2 software (Illumina). After quality
assessment, trimming of adaptors, and filtering for low-quality
reads (average QC < 30) with Trimmomatic v0.35, 230.2
million clean short reads sequences obtained (ranging from
14.85 to 25.92 million/sample; Q30 = 83.8 to 89.2%) were
assembled with Trinity (v.2.2.1) leading to 586294 contigs
(N50 = 594). After filtering transcripts weakly expressed (overall
expression < 1 FPKM), a transcriptome with 93632 contigs was
obtained (N50 = 748). Expression frequencies were calculated
on RSEM (v1.3.1) (Li and Dewey, 2011) on the filtered
transcriptome and were used for looking at the expression of
our target genes in the skin, brain and eyes of the juvenile.
A specific search on the unfiltered assembly for lowly expressed
transcripts in brain, skin and eye libraries was done afterward.
Reads mapping and expression analysis were conducted as
previously described.

Transcriptome Blasts and Phylogenetic
Analysis

In our transcriptomes of embryos, we found 10 sequences of
interest: 6 blasting with opsins sequences, 2 with cryptochromes
and 2 with arrestins (NCBI accession numbers MN788446-
50, MN788452, MN788454-56 and MN788460 _ for some
sequences, alternative isoforms were found with few to no
differences in the amino acids sequences and were not included

Frontiers in Physiology | www.frontiersin.org

September 2020 | Volume 11 | Article 521989


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Bonade et al.

Sepia Embryo Light Detection

in phylogenies). They were also retrieved from the juvenile
transcriptome with 100% identity of the ORF nucleotide
sequence (except 99.66% identity for r-opsinl and only partial
sequences for r-opsin2 (402nucl _ 100% id) and xeno2 (323
nucl. _ 99.66% id)). Two of the putative opsin sequences are
partial (Sof_r-opsin2 and Sof_xeno2) but the corresponding
full sequences could be retrieved from an already published
transcriptome (Liscovitch-Brauer et al., 2017) and were used
for the phylogenetic analysis. Using a p-blast algorithm
in NCBI Blast putative homologous amino acids sequences
in molluscs were retrieved. We used amino acids for the
analysis as they are conserved because more constrained by
their function. In order to confirm the orthology of these
genes, sequences from taxa outside the molluscan clades
(Annelida, Ecdysozoa, Deuterostomia) were added. We also
blasted several genomes of cephalopods in NCBI (Architeuthis
dux PRJNA534469, Euprymna scolopes PRINA470951, Octopus
sinensis PRJNA541812) and added data from transcriptomes
of cephalopods (Liscovitch-Brauer et al., 2017). After a first
alignment with MAFT (default parameters) implemented in
JABAWS (Troshin et al., 2011) in the Jalview 2.11.0 software
(Waterhouse et al., 2009) and manual trimming of sequences
that were redundant or poorly aligned, datasets of 139 sequences
(opsins), 50 sequences (cryptochromes) and 40 sequences
(arrestins) were obtained (Supplementary Figure S1). For the
opsin this was done by sub families and the results were
then aligned all together using MAFT (L-INS-i and G-INS-i
preset models). Finally the less conserved parts of the alignment
were manually removed for all datasets and if necessary a last
alignment with MAFT was done. It resulted on three alignments
(Supplementary Figure S2) of, respectively, 311 aa (opsins),
402 aa (cryptochromes) and 325 aa (arrestins). ProtTest 3
(Guindon and Gascuel, 2003; Darriba et al., 2011) was used
to define the better protein based evolution model to use for
the phylogenetic analysis: respectively, LG + G + F (opsins),
LG + G + I (cryptochromes) and LG + G + I (arrestins).
A Bayesian inference tree was inferred using Mr. Bayes v3.2.7a
(Ronquist et al., 2012) embedded in the CIPRES V 3.3 platform
(2000000 generations, tree sampling frequency = 100, 4 Markov
chains, 2 runs and burnin 25%). A maximum likelihood tree
was also inferred (not shown) using RAXML-HPC v8.2.12
(Stamatakis, 2014) embedded in the CIPRES V 3.3 platform
with similar results (Bootstrap values for conserved nodes are
shown on the Bayesian phylogenetic trees _ 1000 bootstraps
were performed).

Cryo-Sections and in situ Hybridization
Embryo in methanol was impregnated in 0.12M phosphate
buffer pH 7.2 with 15% saccharose at 4°C for twice 24 h.
Then, it was included in Neg-50™ embedding medium
(Richard-Allan Scientific™Thermo Scientific™) and blocks
were frozen in 60 s at —80°C with PrestoCHILL (Milestone).
Sections of 20 pwm were performed using cryostat (HM560MV-
Thermoscientific, France).

After 30 min at room temperature, the sections were
rehydrated twice 15 min in PBS 1X followed by 15 min
in SSC 5X. In a humid chamber, slides were prehybridated

in hybridization solution (HS: 50% deionized formamide, 5X
standard saline citrate, 40 pg/ml salmon sperm DNA, 5X
Denhardts, 10% dextran sulfate) for 2 h at 65°C before being
incubated overnight with antisens probes (100 ng/mL) labeled
with digoxigenin. Sense probes were also tested as negative
controls. Sections were rinsed at 65°C: twice in SSC 2X for
30 min and 1 h and in SSC 0.1X. At room temperature,
sections were treated with MABT (100 mM maleic acid,
150 mM NaCl, 1% tween20, pH 7.5) twice 15 min. 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 4
rinses in MABT (30 s, twice 45 min and overnight). Sections
were impregnated for 20 min in AP solution (100 mM tris-
HCL, 50 mM MgCl,, 0.1% tween20) with 1 mM levamisole
hydrochloride (Sigma). The revelation was conducted in the
same solution containing 165 pg/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 2 times 20 min in PBS 1X. The slides were treated with
DAPI (46-diamidino-2- phenylindole; 100 j.g/L). Sections were
mounted in Mowiol.

The labeled cryo-sections were observed under a Leica DMRB
microscope. Several pictures per slices were taken with a camera
color Canon EOS 60D. Images were assembled and treated for
contrast and brightness using Adobe Photoshop CS6 (Adobe,
CA, United States).

RT-qPCR

Extraction, DNase Treatment and Reverse
Transcription

One embryo was used per biological sample. RNA was
extracted using Nucleospin RNA mini kit (Macherey
Nagel) with Type D Beads (Macherey Nagel) to disrupt
tissues and on-membrane rDNAse treatment. RNA was
eluted in RNAse-Free water at 65-70°C. Remaining gDNA
was removed using Turbo Dnase (Ambion _ 2 UI/pL)
at 37°C for 30 min and the solution was purified using
RNA CleanUp kit (Macherey Nagel). Quantity and quality
were assessed with Qubit 3 fluorometer (Invitrogen) and
Bioanalyzer 2100 (Agilent). Finally, RNA was stored at
—80°C before use.

Reverse transcription was done using Superscript III
(Invitrogen) following the manufacturer’s instructions with the
same amount of RNA (215 ng) for each sample. cDNA was stored
at —20°C.

RT-gPCR

Embryos

Primers were designed using Primer-BLAST on the NCBI
website. Elongation factor 1 (Efl) and P-actin were used
as reference genes. Both genes have already been used as
reference genes in cephalopods (Efl in Octopus minor: Xu and
Zheng, 2018; [QSIImage]-actin in Sepiella sp.: Cao et al., 2016;
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TABLE 1 | Primers for RT-qgPCR experiment. Sof_g-actin and Sof_Ef1 (bold) were used as reference genes.

Abbreviation Forward primer Reverse primer Amplicon size Efficiency
Sof_p-actin GGTACCACCATGTTCCCTGG GGACCGGACTCGTCATATTCC 197 nucl. 97%*
Sof_Ef1 TGCCAGGTGACAATGTTGGT CAATGTGTGCAGTGTGGCAA 198 nucl. 97%*
Sof_Cryqo3 ATCTTGGGAGGATGGAATGAAGG CAACAGGACAGTAGCAGTGGAA 134 nucl. 100%*
Sof_Cryg AGCTGTACTGTTTCCACGGAC TTTCATCTCGCTCCTGCCAT 92 nucl. 103%
Sof_reti1 CAGTCACTTGGCGGGTCATA AGTGCGGGCAGTAGCAATAA 91 nucl. 96%
Sof_reti2 TAGGTTGCTGTGTCTATGTCAGT CAGCGATACAGGCCAAAAGA 117 nucl. 97%
Sof_r-opsini GAGTCCCTATGCTGTCGTGG ACGGAGTAGATGAGTGGATTGTG 129 nucl. 100%
Sof_r-opsin2 CGTGCTCTTCTGTGCTGGAT GTGACACACTTCGCCGCTAT 123 nucl. N.A.
Sof_xenot TAAACGGAGCAATCGTCATCTTC GCAATCAGAAAGTCGCACACA 100 nucl. N.A.
Sof_xeno2 TTGGGCCTGACTTCCATCAC GCGTACAATACACAACCGCC 134 nucl. N.A.
Sof_p-arr TATTGGGCCTCACCTTTCGC CCTTGGAGCCTGGTTAGTGG 97 nucl. N.A.
Sof_v-arr CGCTAGGATTTGGATCTGGTGA TTCCTTGGCTTCGGGTTTGA 98 nucl. 88%

*Indicates that the given efficiency is a mean of several experiments that were not done on the same plate. N.A. = Not Available.

Song et al., 2017). The specificity of all primers used in this study
was checked through a sequencing of a purified PCR product.
Selected primers for each gene are given in Table 1. The RT-qPCR
experiment was performed on an AriaMx Real-time PCR system
(Agilent technology). The RT-qPCR mix includes 0.25 mM of
both primers (20 mM each), 2 pl of Rnase Free water, 5 .l
Brilliant IT SybR© Green qPCR Master Mix (Agilent) and 2,5 pL
of cDNA diluted at 1/20th in RNAse Free water per well. The
PCR cycling program consisted of 10 min at 95°C, then 40 cycles
of 30 s at 95°C, 30 s at 58°C and 30 s at 72°C and finally
30 s at 95°C, 30 s at 65°C and 30 s at 95°C before decreasing
the temperature to room temperature. We used three different
embryos per stage in order to have three independent biological
replicates. For each embryo used, the two eyes were pulled
together. Technical triplicates were systematically performed on
all samples. The specificity of RT-qPCR was verified by looking at
the melting curves and double-checked with an electrophoresis
migration of the RT-qPCR product of at least 2 wells per genes.
PCR primers efficiencies were evaluated through serial dilutions
and ranged from 88% to 103%. The level of expression of
Sof_xenol, xeno2 and Sof_r-opsin2 was too low to calculate their
primers efficiencies. The fold change for stages 25 to 30 where
calculated using the mean Ct at stage 23 as a control. In order
to normalize the results the geometric mean of reference genes
was used for calculation of the fold change with the following
formula (FC = Fold Change; E = Efficiency of considered target
or reference gene; Target = target gene; Ref = reference gene):

EACt(Target)

FC= ——————
Mean (EACt(Ref))

Statistical analyses were performed with GraphPad Prism
8.0.1 Software (San Diego, CA, United States'). The normality
of the distribution of Fold Changes was assessed through
Shapiro-Wilk test, then one way ANOVA was performed
with a Tukeys multiple comparisons test for each gene
(significance: p < 0.05).

'www.graphpad.com

Adults

the tissues were obtained from different specimens, the skin came
from a different sub-adult than the brain and optic lobes. Only
one sample was tested for each organ. Technical triplicates were
performed. We considered that there was a significant expression
of the gene when the amplification took place before the 28th
cycle of RT-qPCR (Cq < 28). Other results were regarded as
non-significative and could indicate either a low expression or an
absence of expression.

RESULTS

Identification and Characterization of
Genes
Opsin Family
Besides the two opsins sequences already known in adult
S. officinalis, we identified 4 new putative opsin sequences in
transcripts from embryos. These 6 sequences all have features
of GPCR. The presence of seven transmembrane domains was
predicted using TMHMM server v.2.0 (Krogh et al, 2001;
Supplementary Figure S3) for all sequences except r-opsinl.
In this last sequence, the 7th transmembrane domain was not
retrieved by the software but could be assumed due to amino-
acids similarities (Supplementary Figure S4). All sequences
have the two cysteines forming a disulphide bridge essential
for GPCR stability (Supplementary Figure S4). Some other
features of the rhodopsin family of GPCR were observed
such as the chromophore/opsin predictive binding site which
is a well-conserved lysine (K296 in the bovine rhodopsin
sequence) and the E/DRY motif and NPXXY site both allowing
interaction with G proteins (the latter is not conserved in
all sequences) (Supplementary Figure S4). Sof _xenol and
Sof_xeno2 sequences are divergent on the N-term of the amino
acid chain (5 first transmembrane domains) but the C-terminal
part is identical (last 2 transmembrane domains).

In our phylogenetic analyses (Figures 2, 3) which included
7 groups of opsins (out of 9) and both dopamine receptors and
melatonin receptors as outgroups we evidenced a monophyletic
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opsin family (Posterior Probabilities (PP) = 1/Bootstrap values
(BS) = 100) thus confirming the identification of 6 opsins in
S. officinalis. This opsin family was separated in 6 monophyletic
groups (PP = 1 for all; BS between 79 and 95), three of
which containing opsin sequences from S. officinalis. The general

topology between the main families of opsins is not well-
supported in this analysis.

The r-opsin clade (Figure 2 _PP = 1; BS = 90) is divided
in two monophyletic clades each containing a sequence from
S. officinalis. The biggest r-opsin group has a good support in
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the Bayesian inference tree (PP = 1; BS = 49). It is composed
of a large lophotrochozoan r-opsin group (PP = 1; BS = 93)
with both ecdysozoan r-opsins and deuterostomian melanopsins
(PP = 1; BS = 54) as a sister-group thus characterizing it
as a canonical r-opsin clade. Inside this group, the sequence
from S. officinalis is included in a cephalopod r-opsins clade
(PP = 1; BS = 95). The other cephalopod r-opsin group, which
includes a second S. officinalis sequence, is well-supported in the
Bayesian tree (PP = 1; BS = 100). It is included within a larger
clade of lophotrochozoan sequences thus characterizing it as a
second r-opsin (“non-canonical” r-opsin _ PP = 0.96; BS = 48).
Therefore we chose to name these sequences Sof r-opsinl
(former rhodopsin) and Sof_r-opsin2. This phylogenetic analysis
allowed us to say that the division between these two paralogs
was already there in the last common ancestor of all bilaterians.
The bootstrap values are not as good as the posterior probabilities
for the r-opsinl and deuterostomian r-opsin clades, this might be
due to some long branch attractions. In the literature, the “non-
canonical r-opsin group” corresponding to our r-opsin2 group is
sometimes paraphyletic (Ramirez et al., 2016).

Two other S. officinalis sequences (Figure 3) are grouped
together with other cephalopod sequences (PP = 1; BS = 98)
within a larger lophotrochozoan monophyletic group (PP = 1;
BS = 99) and an even larger bilaterian group including annelids
and deuterostomian retinochromes sequences (PP = 1; BS = 81).
Therefore we named these two sequences Sof_retil and Sof_reti2.
Thanks to the several sequences of cephalopods from various
taxa (Nautiloidea, Coleoidea: Decabrachia and Octobrachia)
included in our study, we evidenced that only decabrachian
cephalopods have two retinochromes. All the retil sequences of
Decabrachia were grouped together in a monophyletic group
(PP = 1; BS = 100) and so are all the reti2 sequences of
Decabrachia (PP = 1; BS = 100). These two groups seem to
be sister-groups even though this clade is not well-supported
(PP = 0.94; BS = 51). Furthermore only one monophyletic
group of Octobrachia retinochrome sequences was found in our
analysis (PP = 1; BS = 100) and it is the sister group of the
clade formed by the two retinochromes groups thus suggesting
the duplication event might have taken place after the splitting
between Decabrachia and Octobrachia lineages.

Finally, the last two opsins sequences identified in Sepia are
part of a lophotrochozoan-only group composed of molluscan
and brachiopods sequences (Figure 3 _ PP = 1; BS = 95). Most
of them were recently identified as xenopsins (but some of them
firstly described as c-opsins _ Yoshida et al., 2015). The sequences
were therefore identified as Sof_xenol and Sof_xeno2. As for
retinochromes, both the Decabrachia xenopsin 1 group and the
Decabrachia xenopsin 2 group are monophyletic (PP = 1 for
both; BS = 98 and 99). Furthermore there is a single clade
gathering all the Octobrachia xenopsins sequences (PP = 1;
BS = 100). This octobrachian clade is the sister-group of the
decabrachian xenopsin clade. The support for this decabrachian
clade, grouping both xenopsins 1 and xenopsins 2, is very low
(PP = 0.8) and this topology is not found in the maximum
likelihood tree. The duplication of the xenopsins took place
in the Cephalopoda lineage but we cannot conclude when it
precisely happened.

No sequence of S. officinalis or of any other cephalopod species
was found in the three other clades of opsins (i.e., neuropsins,
Go-opsins, and c-opsins).

Cryptochrome Family

We identified for the first time, two putative cryptochromes
in the transcripts of S. officinalis embryos. They both carry
the photolyase domain and the FAD binding domain which
characterized animal cryptochromes (Chaves et al, 2011;
Supplementary Figure S4) and were identified with the PFAM
platform (EI-Gebali et al., 2019).

In our phylogenetic analysis (Figure 4), we found three
main monophyletic groups. One of the cryptochrome sequence
of S. officinalis is grouped with other molluscan sequences,
together with Euprymna scolopes escry2 (Heath-Heckman et al.,
2013) and the nudibranch Melibe leonina non-photoreceptive
cryptochrome (Duback et al.,, 2018). This molluscan clade is part
of a larger protostomian monophyletic group (PP = 1; BS = 89)
and an even larger bilaterian monophyletic group (PP = 1;
BS = 98) gathering all the CRY;, CRY, and CRY3 sequences
of our analysis. Therefore the sequence from S. officinalis
was identified as Sof CRYjy3. The second sequence from
S. officinalis is found inside a well-supported lophotrochozoan
monophyletic group (PP = 1; BS = 75). This group is part
of a larger protostomian-only group including two arthropods
CRY¢ sequences (PP = 0,96; BS = 71) therefore we identified
our second sequence as Sof Cry6. Finally, a monophyletic
group gathering a few molluscan photolyase sequences with
deuterostomian Cry4 and Cry5 sequences can be identified as
the CRY45/photolyase clade. No CRY45/Photolyase sequence was
retrieved from S. officinalis transcriptomes nor from any other
cephalopod included in our analysis.

Arrestin Family

We found two sequences of arrestins in S. officinalis embryos.
They both presented the canonical N- and C-arrestin domains
identified through the PFAM platform (El-Gebali et al., 2019;
data not shown). In our phylogenetic analysis, each of these
sequences (Figure 5) is part of a distinct monophyletic group of
coleoid cephalopod sequences. One of them gather only visual
arrestins (PP = 1; BS = 100) and the other one only beta-arrestins
(PP = 1; BS = 88). Relationships between these two groups
and many sequences from other molluscs are not resolved. This
politomy is part of a larger protostomian clade (PP = 1; BS = 100)
including both arthropods beta arrestins and visual arrestins.
All these sequences have deuterostomian arrestins as outgroups.
Therefore our sequences derived from an ancestral B-arrestin.
Visual arrestins sequences are only found in coleoid cephalopods
and they are not orthologous to the visual arrestins of arthropods.
From these results and present available databases, we cannot
date the appearance of this duplication in molluscan history.

Expression of Target Genes

Qualitative Expression in a Stage 30 Embryo With
Focus on the Eyes

By in situ hybridization, we evidenced expression of different
photosensitive molecules (r-opsinl, both retinochromes, both
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cryptochromes _ Figure 6) in a late stage 30 embryo of
S. officinalis: R-opsinl mRNAs are found in all layers of the
retina and in the periphery of the optic lobes (Figures 6A,B).
No expression was evidenced in the brain as previously described
(Imarazene et al., 2017). Both retinochromes mRNAs were found
in the basal part of the inner layer of the retina where nucleus
of the rhabdomeric photoreceptor cells is present (Figures 6C-
F). CRY 3 transcripts were widely present: mRNAs were found
in the whole inner layer of the retina and in the whole central
nervous system with a diffuse pattern in the optic lobes and in
the brain (Figures 6I-]J). CRYs mRNAs were mostly present in

the basal part of the inner layer of the retina (Figures 6G,H).
They also seemed to co-localize with CRY}33 mRNAs in the
CNS: a diffuse labeling (lighter than the one of Sof CRY23) was
observed in some sections in the optic lobes and in the brain, long
after the staining of the retina.

Semi-Quantitative Data in the Eyes (RNA-Seq)

In order to confirm the qualitative data, we looked at the
expression of these genes with RNA-sequencing: at stage 24,
three opsins were expressed in the eyes of S. officinalis embryos
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according to our transcriptomic analysis (Figure 7): Sof_r-
opsinl, Sof retil and Sof_reti2. No significant expression
of Sof_r-opsin2, Sof xenol or Sof xeno2 was observed
(FPKM < 1). Both Sof_CRY}33 and Sof CRY¢ were expressed
in this stage and so are Sof v-arr and Sof p-arr. For each
of these genes the level of expression was similar in the
two Dbiological replicates. The expression of these genes

ranged from FPKMgyf yv—arr = 6.8 to FPKMgof reri1 = 28.
In stage 30 embryos, the same genes were expressed. The
highest level of expression was found for Sof_r-opsinl
(mean FPKM = 3827) followed by Sof retil, Sof reti2 and
Sof_v-arr (respectively, mean FPKM = 352, 160 and 258).
Both cryptochromes and P-arrestin had a lower level of
expression than opsin genes (mean FPKM Sof CRYjy3 = 21;
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Sof_CRYg 12; Sof_f-arr 12). Even though we have
to be cautious when drawing conclusion due to small
amount of replicates, a significant increase of Sof_r-opsinl,
the two retinochromes and Sof_v-arr was found between
stage 24 and 30.

Semi-Quantitative Expression in the Eyes, Through
Developmental Stages (RT-qPCR)

RT-qPCR results (Figure 8) confirmed the increase of
expression of Sof_r-opsinl, Sof retil, Sof reti2 and Sof v-
arr and evidenced the increase of expression of the two
cryptochromes. These expressions increased significantly
between stage 25 and stage 30. Except for the cryptochromes,
all the other genes had the biggest fold change between

stages 25 and 28. Similar results were found between
biological replicates for all the target genes. Sof_r-opsinl
(lngFC23_3o = 7,46) and Sof_v-arr (longC23_30 = 5,87)
expressions underwent a drastic increase from stage 25 to stage
30. The increase was less important for both retinochromes
(lngFC23_3o_Reti1 3,11; longC23_30_RetiZ 3,37)
and both cryptochromes (log,FCy3_30_Cryia3 2,4;
logoFCy3-30_Crys = 1,54). R-opsinl expression increased
from stage to stage (Figure 8A) (logrFCis_23 = 4,74;
log,FCag—30 1,57). Visual arrestin pattern of expression
also increased from stage 25 to 30 (logaFCys_»s 3,78;
logsFCpg—30 = 0,8). The expression of both retinochromes
increased from stage 25 to 28 (logaFCy5_23_Retil = 2,47 and
log,FCys5_28_Reti2 = 2,34), but not between stage 28 and 30.

FIGURE 6 | In situ hybridization of r-opsin1 (A,B), retinochrome 1 (C,D), retinochrome 2 (E,F) and cryptochromes: CRY123 (G,H) and CRYj (1,J). Pictures
(A,C,E,G,I) show a 20 pm section of an embryo head with brain (not on section A,C), optic lobes (not on section C) and eyes including retina and sometimes the
lens. Pictures (B,D,F,H,J) are a magnification focused on the retina + the side of the optic lobes. All pictures were taken after 11 h of revelation except CRY 123
pictures which were taken after 5h30. Arrows point some small stained spots. e. = eye, ol. = optic lobe, bm. = buccal mass.
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there are two bars each giving the expression in one of the two biological duplicates. The expression level of several isforms were summed up for some of the genes.
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The expression of Sof_Cryiy; increased gradually from stage
to stage with the sharpest increase between stage 28 and 30
(logaFCapg—30 = 1,26) whereas Sof_Cryg expression seemed to be
constant from stage 25 to 28 then increased between stage 28 and
30 (lngFC23_30 = 1,28).

In summary, we showed that five light sensing molecules
(3 opsins and 2 cryptochromes) and one visual arrestin
were expressed in the eyes of S. officinalis embryos. All the
photosensitive molecules studied in RT-qPCR had a significant
increase of their expression between stage 25 and 30.
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TABLE 2 | Expression of light sensitive molecules in a 1-month old juvenile.

R-opsini R-opsin2 Reti1 Reti2 Xeno1 Xeno2 CRYq23 CRYg g-arr V-arr
Eye 7572 (6] 362 59 (0] (6] 10 6 6 344
Skin 10 (6] 1.3 0.2 (6] 6] 7 0.5 9 0.1
Brain* 4 + 1.6 0.7 + (0] 20 2 45 0.2

Data are expressed in FPKM. * = Brain without optic lobes (in embryos and adult the full CNS was investigated). + = transcripts absent from the filtered version of the
juvenile transcriptome but detected with weak expression (1 < FPKM < 2) in the brain libraries in the unfiltered transcriptomes.

TABLE 3 | Expression of light sensitive molecules in sub-adults.

R-opsini R-opsin2 Reti1 Reti2 Xeno1 Xeno2 CRYq23 CRYg g-arr V-arr
Skin N.S. N.S. + N.S. N.S. N.S. + N.S. + N.S.
Brain + + + N.S. N.S. N.S. + + + N.S.
Optic lobes + + + N.S. + + + + + +

+ = presence of the gene (amplification before Cq < 28), N.S. = Non-significative results indicating either a small expression or an absence of expression.

Semi Quantitative Expression in Other Tissues With
Photosensitive Properties (RNAseq)

Sof _CRY 33 and Sof f-arr seemed to have quite an ubiquitous
expression as they are the only ones expressed at stage 24 in
both the skin and the CNS (Figure 7). Their level of expression
was not significantly different in stage 24 compared to stage 30
(CRY23: meanFPKMgyin24 = 12,86, meanFPKMgyin3zo = 12,57,
meanFPKMcnso4 7,27, meanFPKMcns30 9,8; P-arr:
meanFPKMgyin24 11,25, meanFPKMgyin30 7,74,
meanFPKMcns24 = 18,25, meanFPKMcens3o = 17,31). Sof_CRYg
is not significantly expressed (FPKM > 1) in these tissues
at stage 24 and 30. R-opsinl, the two retinochromes and
Sof_v-arr were expressed, only in one of the two stage
30 embryos in the skin. Moreover, in the central nervous
system, r-opsinl was also expressed in the same embryo
and not in the other one. Because there are two samples,
no conclusion can be drawn: either the differences are due
to different steps in the stage 30, or to a cyclic expression
during the day; or there is no biological significance and it
corresponds to a random artifact. Neither Sof xenol nor
Sof_r-opsin2 were expressed at significant levels in any of the
stages or tissues analyzed. Sof xeno2 was not expressed in
any stages except for one of the biological replicates at stage
25 (FPKM = 5.767).

Expression in the Juvenile (RNA-Seq)

In the eye of the juvenile (Table 2), three opsins (Sof_r-opsinl,
Sof_retil and Sof_reti2), both cryptochromes and both arrestins
are expressed, similarly to the observations in embryos from stage
23 to 30. In the skin, there is a small expression of Sof CRY23
and Sof_f-arr as in the skin of the embryos. There is also an
expression of Sof r-opsinl and a barely significant expression
of Sof_retil. In the brain, Sof CRY123 and Sof_f-arr are the
two genes mainly expressed in the brain of this juvenile as
they were in the embryos, with the precision that there is no
optic lobes studied in the juvenile (whereas CNS included both
brain and optic lobes in embryos). There is a bare expression of
Sof_r-opsinl, Sof_retil, and Sof _CRY6 in the brain. As for sof r-
opsin2 and Sof_xenol, these genes were absent from the filtered

transcriptome but a weak expression was found when remapping
the brain reads to the full assembly. These results need to be
taken cautiously as they come from a single sample and cannot be
compared to the other FPKM values of the filtered transcriptome.

Expression in the Adult (RT-gPCR)

In the sub-adult (Table 3), Sof_ p-arr, Sof_ CRY,3 and Sof_retil
were also significantly expressed in the skin. Sof_r-opsinl, Sof-
r-opsin2, Sof_retil, Sof B-arr and both cryptochromes were
expressed in the CNS (brain and optic lobes) of the sub-adult.
A significant expression of Sof_v-arr and the two xenopsins was
also attested in the optic lobes only. The fact that some of these
genes are found expressed in the sub-adult and not in the juvenile
might be due to an increase of expression later in life.

DISCUSSION

Localization of Expression

In our study we combined three different kind of data on
the expression of light sensing molecules: qualitative in situ
hybridization, semi-qualitative RT-qPCR and RNA-seq analyses.
The results given by these different methods are mostly
convergent. All methods found r-opsinl, two retinochromes,
two cryptochromes and two arrestins expressed in the eyes of
S. officinalis embryos and juvenile. This corroborates the in situ
hybridization data on the expression of r-opsinl in the retina of
embryo (Imarazene et al., 2017) and the reported expression (RT-
PCR) of both r-opsinl and retinochromel in the retina of adult
S. officinalis (Kingston et al., 2015b). Furthermore a personal
communication from Maria Tosches confirmed the presence
of Sof r-opsinl, Sof retil and Sof reti2 in an unpublished
transcriptome of the eyes of an adult S. officinalis. In the skin, only
Sof_CRY33 and Sof_B-arrestins were expressed in the stage 24
embryo and one of the stage 30. These same genes were expressed
together with Sof_r-opsinl and Sof retil in the other stage 30
embryo, the juvenile and the adult (only Sof_retil in the adult).
In the CNS both RNA-seq and RT-qPCRs found Sof CRY 3 and
Sof_p-arrestins as the two mainly expressed genes of our analysis
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in embryos and the juvenile. More genes were expressed in the
brain of the adult and even more in the optic lobes of the adult.
Our comparative data did not show important variability from a
biological duplicate to another except in the two stage 30 embryos
of the RNA sequencing.

One main difference is the fact that CRY¢ is not expressed
in the central nervous system of stage 30 embryos but was
labeled in the in situ hybridization. As there is a small expression
of Sof CRY¢ in the brain of the juvenile this might mean
that the expression start in very advanced stage 30 embryos
as the one we used for in situ hybridization was very close
to hatching. We cannot rule out the fact that this difference
of expression might be due to a pattern of daily cycling of
the gene as the expression of cryptochromes is known to
oscillate during the day (in nudibranchs: Duback et al., 2018; in
Crustacea: Biscontin et al., 2019).

Vision in Embryos and Adult

Two main opsin families have been well-studied for their
involvement in image-forming vision: c-opsins and r-opsins. We
did not find any c-opsins from our transcriptomes. This was
expected as c-opsins are mostly restricted to deuterostomians
and were not described in molluscs (Ramirez et al., 2016). We
showed here for the first time that two r-opsins are expressed
in S. officinalis but only Sof_r-opsinl is expressed in the eyes.
More precisely, r-opsinl mRNAs could be found in all the
retina but this is likely due to the fact that it is heavily
translated in the nucleus of the rhabdomeric photoreceptor
cells and then moved to the outer segment. Indeed in adult
D. pealeii, the protein is localized only on the outer segment
of the rhabomes (Kingston et al, 2015b). The expression
of Sof r-opsinl increases significantly from stage 25 to 30.
This strong increase of Sof_r-opsinl mRNAs corroborates the
qualitative in situ hybridization data already published about
S. officinalis eye development (Imarazene et al., 2017) but also
correlates with the appearance and darkening of pigmentation
macroscopically visible in the eyes of the embryo (Figure 1).
The biggest fold change value is found when comparing stages
25 and 28. This is convergent with the behavioral studies
demonstrating an ability to perceive light as early as stage 25
in S. officinalis embryos (Romagny et al, 2012). Therefore,
r-opsinl is most likely the molecule responsible for this light
detection. Moreover, r-opsinl expression is still very high in
juvenile and adult suggesting a “permanent” role in light
detection/vision after hatching.

Our results support the hypothesis that cephalopods
cannot see colors as only one opsin, ie., r-opsinl, is
expressed in their eyes. Nevertheless a color-based vision
has been described in a butterfly expressing only one
opsin with the involvement of filtering pigments (Zaccardi
et al, 2006). This color vision may also exist in some
cephalopods species as three different visual pigments with
different Amax where identified in the retina of the deep-
sea squid Watasenia scintillans (Matsui et al., 1988). To our
knowledge, it is not the case in S. officinalis and in most
cephalopod species and therefore the ability to see colors
in cephalopods would be an exception rather than a rule.

Recently some scientists have proposed that cephalopods
(and maybe other marine animals) might rely on chromatic
aberration and pupil shape in order to discriminate colors
(Stubbs and Stubbs, 2016).

We have shown that the expression of Sof CRYg in the
developing eye of S. officinalis is eye-specific. For a very long time
cryptochromes were discarded from a role in visual function;
however, this vision is challenged by recent publication on
D. melanogaster showing that cryptochrome is able to interact
with elements of the phototransduction cascade and has an
indirect role in vision by regulating the light sensitivity of opsins
during the day (Mazzotta et al., 2013). Here, we showed that
Sof_CRYg is expressed together with r-opsinl only in the eye
of Sepia embryos whereas in the juvenile and the adult it is
also expressed in the CNS. This correlation is not enough to
conclude but allows an interesting hypothesis regarding a role
of CRY; in the phototransduction cascade in cephalopods. In
the literature, an oscillating expression of period protein was
evidenced in the eye of two different marine gastropods species
(Bulla and Aplysia) indicating the likely existence of a Clock
system within the eyes of these species (Siwick et al., 1989). In
this context, Sof CRYg expression could indicate that a clock
system exists in the eyes of cephalopods and that it is already
functioning in embryos.

Clock System

Our analysis shows the presence of two cryptochromes expressed
in different tissues. CRY1,3 is expressed in all the tissues
investigated in embryos and in the juvenile and adult. CRYs
is expressed in the central nervous system only in the
juvenile and the adult. The in situ hybridization shows a
diffuse presence of CRY} 23 mRNAs in the retina and nervous
tissues of the head of a stage 30 embryos and a lighter but
similar pattern is found for CRYs mRNAs. The fact that
both a photosensitive cryptochrome (i.e., CRY¢) and a non-
photosensitive cryptochrome (CRY23) could be co-expressed
and work together to maintain a circadian rhythm is a
recent discovery (Zhu et al, 2005). The mechanism of this
Clock system has just been unraveled recently in ecdysozoans
(Zhu et al, 2008; Biscontin et al, 2017). It is important
to note that organs were collected in daylight. In order to
go further on the involvement of the cryptochrome in the
control of the circadian rhythm it would be interesting to
compare the expression of cryptochromes and other genes
involved in daily cycling in organs collected at different time of
the night and day.

Retinochromes and Their Role

We identified two retinochromes expressed in the eyes of
S. officinalis and we confirmed the hypothesis of a duplication
limited to the Decabrachia clade (see results and Yoshida et al.,
2015). For the first time we studied their expression during
embryogenesis: the maximum fold change for retinochromes in
Sepia embryos (between stage 25 and 28) correlates with the ones
of Sof_r-opsinl and Sof_v-arr. Furthermore both retinochromes
mRNAs are found in inner layer of the retina, most likely
in the cellular bodies of rhabdomeric photoreceptors cells as
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it was already reported for the protein of retinochromel in
D. pealeii (Kingston et al., 2015b). Retinochrome is thought
to be involved in the recycling of the retinal photopigment
back to its original state before its interaction with r-opsins
in the rhabdomes (Terakita et al., 1989). In embryos, this
correlation of expression and their co-localization suggest that
both retinochromes are good candidates for playing this role. By
contrast in the adult, they seem to be differentially expressed.
Therefore it would be interesting to know if there is a functional
differentiation of these two genes and look at their expression in
more diverse tissues.

R-Opsin2 and Xenopsins

A partial sof_r-opsin2 sequence was found in our embryo
transcriptomes but its expression was not detected at a significant
level in any embryonic tissue studied. Thus we can hypothesized
that it does not play an important role in light detection
during the embryogenesis of S. officinalis (at least in studied
tissues) even if we cannot exclude a high translation rate as
the mRNA expression is not always correlated with protein
synthesis. The presence of r-opsin2 was found in the brain
and optic lobes of the adult and needs to be confirmed in the
CNS of juveniles. This is convergent with previous knowledge
as it was shown in I paradoxus (Yoshida et al., 2015). A full
sof_r-opsin2 sequences was retrieved from a transcriptome of
adult S. officinalis including more nervous tissues (oesophageal
ganglia and axial nerve cords): this might indicate that this gene
is expressed in nervous tissues outside the CNS. It would be
interesting to do a thorough investigation of the expression of
r-opsin2 in more organs (including the peripheral ganglia and
nerve cords) of adults S. officinalis in order to get some insight
on its putative role.

To our knowledge, we described for the first time a duplication
of a xenopsin gene in metazoans. Interestingly the C-terminal
part of the protein is fully identical in both Sof _xenol and
Sof_xeno2 suggesting a partial duplication likely coupled with
an alternative splicing of the protein. We do not know
if this duplication is linked to a functional differentiation
of the two xenopsins. The xenopsin group is a recently
described well-supported clade which includes a lot of gene
formerly thought as c-opsins (Ramirez et al.,, 2016; Vocking
et al., 2017). But its phylogenetic position is currently under
debate (Arendt, 2017) because it gathers only lophotrochozoan
sequences and is found as a sister-group to cnidarian opsins.
This suggests that xenopsin would have already been present
in the ancestors of eumetazoans and would be lost in all
major lineages except for lophotrochozoans and cnidarians. As
for its role, not much is currently known. Xenopsins were
found in the larval eyes of lophotrochozoans (brachiopod:
Passamaneck et al., 2011 and flatworm: Rawlinson et al., 2019).
They are co-expressed with a r-opsin in the photoreceptor of
the eyes in two molluscs (Leptochiton asellus: Vocking et al.,
2017; Limax valentianus: Matsuo et al., 2019), leading to the
conclusion that they most likely play a part in vision in these
species. Our results show that no significant expression of
xenopsin in early developing eyes is detected in S. officinalis.
Thus it is unlikely that xenopsin plays a role in vision in

S. officinalis. They most likely play a role in the optic lobes
but their expression might be sporadic during development
as the expression was not the same in the two stage 25
embryos. Xenopsins stay enigmatic for now and need to be
further investigated.

An Eye Specific Visual Arrestin

In lophotrochozoans, we found the co-existence of both a
visual arrestin and a B-arrestin in all the coleoid cephalopods
we studied and not only in the decabrachian cephalopods
as previously thought (Yoshida et al., 2015). Based on our
phylogenetic analyses, we cannot conclude on the origin
of this duplication: before or after the cephalopod lineage
appearance. This might be due to the fact that arrestins
rely on their conformation in order to function correctly:
the evolution rate of B-arrestins is therefore low compared
to the evolution rate of visual arrestins. This explains the
long branch of the molluscan visual arrestin clade and
maybe also the difficulty to resolve the relationships. Our
phylogenetic analysis showed that cephalopod visual arrestins
are more closely related to P-arrestin than to vertebrates
or arthropods visual arrestins. Therefore these three families
arose independently as it was previously reported for the
vertebrates and arthropods visual arrestins (Gurevich and
Gurevich, 2006). Furthermore, it has been shown in terrestrial
gastropod that B-arrestin was co-expressed with r-opsin in
the rhabdomes and could translocate in response to light
(Matsuo et al, 2017). Two PB-arrestins were also identified
in the retina of a bivalve (Argopecten irradians) and an
electrophysiological study showed that they were able to
deactivate the photoresponse at the rhodopsin level (Gomez
et al,, 2011). This suggests that this “Mollusca/Coleoidea visual
arrestin” could have arisen from p-arrestin gene duplication
followed by a functional specialization. Our results showed
that Sof_ B-arr is expressed in different tissues whereas Sof_v-
arr is eye specific in embryos and correlates with r-opsinl
expression in the developing eyes. As visual arrestins are
known to interact specifically with opsin receptors in order to
quench phototransduction in both vertebrates (Gurevich et al,
1995) and arthropods (Montell, 1999) we assume a similar
role in cephalopods.

Extraocular Light Detection

Our results suggest that extraocular photosensitive system
in cephalopods (e.g., photosensitivity of CNS and the skin)
most likely relies on r-opsinl and sets-up latter than in
the eyes. Indeed, widespread extraocular light detection using
visual opsin and their putative phototransduction machinery
was evidenced with immunostaining in the squid D. pealeii
(Kingston et al., 2015b).

Previous work has shown that the skin of cephalopods
is light sensitive suggesting a local role of r-opsinl in the
dynamic change in skin color. This takes place both in the
chromatophores themselves and on sparse sensitive neurons in
the epidermis. Moreover it has been linked to the expression
of a r-opsinl in several cephalopod species (S. officinalis:
Mithger et al.,, 2010; O. bimaculoides: Ramirez and Oakley,
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2015) and also to the expression of the retinochrome in
adult D. pealeii (Kingston et al., 2015a,b). Maybe due to
the fact that we sampled the whole skin and not only
chromatophores, we did not find r-opsin1 significantly expressed
in the sub-adult and the expression of retil in the skin of
the juvenile was barely significant. Despite that, our results
seem to indicate that the “autonomous” photosensitivity of
the skin would appear later than the ability to detect light in
the eyes, around hatching or maybe even later, under direct
environmental light.

We identified a very low expression of Sof r-opsinl and
Sof_retil in the brain of a juvenile S. officinalis. These genes
were also significantly expressed in the CNS (brain + optic
lobes) of the adult as well as Sof_v-arr in the optic lobes. In situ
data seem to indicate that Sof r-opsinl could be found in a
few cells of the cortex of the optic lobes but this needs to be
confirmed. In the literature, numerous non-image forming roles
are described in a large variety of tissues [review in mammals by
Leung and Montell (2017)]. As an example, in D. melanogaster,
opsins are also known to entertain the circadian rhythm in the
clock neurons of the brain, together with other photosensitive
receptors such as cryptochromes (Szular et al, 2012). Thus
it would be interesting to have a better localization of these
receptors up to the cellular levels in order to better understand
their functions.

CONCLUSION

For the first time, 6 opsins receptors, 2 cryptochromes
and 1 visual arrestin were identified in transcriptomes from
Sepia officinalis embryos. The evolutionary history of these
molecules is intricate with a gene duplication of an arrestin
shared at least by all Coleoidea and two duplications of
opsins shared by at least all Decabrachia which might have
important implication of the functioning of the visual system
in some cephalopods. Our results showed that there is an
expression of photosensitive receptors in the developing eyes
of S. officinalis as early as stage 23. Expressions of four of
these photosensitive molecules (Sof_r-opsinl, So-retil, Sof_reti2
and Sof v-arr) increased significantly when the eyes are
developing and starting to be functional (from stage 25 to
28), suggesting they play a role in visual phototransduction
cascade. Not only the visual system seemed to be already
effective before hatching but this light-detection system set up
earlier in the eyes than in other tissues with photosensitive
properties (i.e., CNS and skin) and most likely involved part
of the same r-opsin transduction cascade. Furthermore, we
showed for the first time an eye-specific expression of a
cryptochrome in the eye of S. officinalis embryos. After hatching
the expression of this Sof CRYs is also found in the CNS.
This could indicate a indirect or most likely indirect role of
CRYs in the phototransduction cascade of S. officinalis. Finally,
this study allows us for the first time to have quantitative
data on the expression of these genes in embryos living in
standard conditions thus opening the way for comparative
studies in the future.
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A14384001) (delivered date 2014/12/24). Eggs were kept in
aquarium of “Le Palais de la découverte” (EU 75-576) until
hatching. Juveniles were kept under controlled conditions and
killed at 1 month using MgCI2 as anesthetics. This experiment
took place in 2015 and we had obtained an official notification
from our local Ethical Committee Cuvier n°68. At that time,
an authorization was not required because nothing was done
that leads to suffering of animals and all were done to
avoid pain. The subadults fished were used only for personal
consumption by the fisherman. We have taken the target
organs when the animals were just dead and the animals
were kept by the fisherman. There is no need of a permit to
fish in the sea.
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Early Exposure to Water Turbidity
Affects Visual Capacities in
Cuttlefish (Sepia officinalis)

Alice Goerger', Anne-Sophie Darmaillacq’, Nadav Shashar? and Ludovic Dickel™*

" Normandiie Univ., UNICAEN, Ethos (Ethologie Animale et Humaine) UMR 6552, Caen, France, ? Department of Life
Sciences, Ben Gurion University of the Negev, Eilat, Israel

In La Manche (English Channel) the level of turbidity changes, not only seasonally and
daily in seawater but also along the coast. As a consequence, vision in marine species
is limited when based only on contrast-intensity. It is hypothesized that polarization
sensitivity (PS) may help individuals detect preys and predators in turbid environments.
In the cuttlefish, Sepia officinalis, to date, all behavioral studies have been conducted on
animals reared in clear water. But the cuttlefish sensory system is adapted to a range
of turbid environments. Our hypothesis was that rearing cuttlefish in clear water may
affect the development of their visual system, and potentially affect their visually guided
behaviors. To test this, newly-hatched culttlefish, from eggs laid by females brought in
from the wild, were reared for 1 month under three different conditions: clear water (C
group), low turbidity (0.1 g / | of clay, 50-80 NTU, LT group) and high turbidity (0.5 g / |
of clay, 300-400 NTU, HT group). The visual capacities of cuttlefish were tested with an
optomotor apparatus at 7 days and at 1 month post-hatching. Optomotor responses of
juveniles were measured by using three screen patterns (black and white stripes, linearly
polarized stripes set at different orientations, and a uniform gray screen). Optomotor
responses of juveniles suggest that exposure to turbid water improves the development
of their PS when tested in clear water (especially in LT group) but not when tested in
turbid water. We suggest that the use of slightly turbid water in rearing systems may
improve the development of vision in young cuttlefish with no detrimental effect to their
survival rate. Future research will consider water turbidity as a possible factor for the
improvement of cuttlefish well-being in artificial rearing systems.

Keywords: optomotor response, linear polarization, vision, cephalopods, development

INTRODUCTION

Water turbidity is caused by various mixtures of suspended particles such as sediments, sand/clay
(mineral), zooplankton (animal) or algae (plant). These particles absorb and/or scatter the
incoming light from the sun. They are also crucial for light and color attenuation in the water
column. Light is partially linearly polarized under water. Many factors, such as scattering and
the absorption properties of the medium, directionality of the incoming light and the presence
of waves on the water surface, can change the orientation of light polarization and induce or reduce
polarization [reviewed in Sabbah et al. (2005)]. For example, a little scattering induces polarization
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but too much scattering reduces the polarization signal (Shashar
etal, 2011; Lerner et al., 2012). Turbidity alone and/or combined
with other factors may impair the availability and reliability of
visual cues for aquatic animals, and thus potentially alter some of
their visually guided behaviors.

Visual information is widely used for predator avoidance
and/or prey detection in aquatic animals (Luczkovich, 1988;
Fuiman and Magurran, 1994; Gall and Fernandez-Juricic,
2010). As a consequence, water turbidity is probably a strong
evolutionary constraint for aquatic organisms. In their natural
environments, numerous species living in turbid water quite
simply reduce their use of vision. For example, the river dolphin
living in turbid rivers has eyes of a reduced size (used only
as light sensors) as compared to sea dolphins. Some species
of river dolphins are blind (Herald et al., 1969; Pilleri, 1979)
and rely only on their biosonars to find prey. In other species,
the lack of visual information may be balanced by the use
of other senses: this is “sensory compensation” (Hartman and
Abrahams, 2000). For example, zebrafish reared in clear water
rely on visual information in foraging behavior but the ones
reared for 2 weeks in turbid water mainly rely on odor
information (Suriyampola et al., 2018). In some species, turbidity
differences, which are often coupled with spectral changes,
affect the developmental plasticity of the visual system. For
example, Ehlman et al. (2015) demonstrated a shift from mid-
wave-sensitive opsins to long wave-sensitive opsins in guppies
(Poecilia reticulata) previously reared in turbid water. The
visual system has different roles, including but not limited to:
detecting brightness, colors, shapes, and motion (Gegenfurtner
and Hawken, 1996; Derrington, 2000). In guppies, the change of
opsin may increase motion-detecting abilities in this species to
balance the loss of color and brightness cues in turbid water. It
follows that in order to investigate the effects of turbidity on the
development of the visual system, it is appropriate to work with
animal models that live in a variety of natural water turbidity
conditions and mainly relying on visual information in their
basic behaviors.

Cephalopods have keen vision and many of their behaviors
are guided by visual information. There is a great plasticity
of their visual capacities and subsequent behaviors depend
on experience during the early life stages (Huffard, 2013;
Darmaillacq et al., 2017; Marini et al., 2017; Mather and Dickel,
2017; Villanueva et al, 2017). Cephalopods are colorblind
(Marshall and Messenger, 1996; Mithger et al., 2006) but most
species have polarization sensitivity (PS), i.e., they can detect
the e-vector orientation and the degree (percent) of linear
polarization of the incoming light. Since no cephalopod is
known to be sensitive to the circular polarization component
of light, we refer here only to linear polarization without
specifying this further. Cuttlefish probably show the finest
e-vector angle discrimination of all cephalopods (Temple et al.,
2012) and are consequently a particularly valuable model
for the study of PS. In cuttlefish, PS is potentially involved
in various functions such as communication (Shashar et al.,
1996; Boal et al., 2004), orientation (Cartron et al., 2012),
prey detection (Shashar et al, 1998, 2000) and predator
detection (Cartron et al., 2013b,c). Cartron etal. (2013c¢)

demonstrated that PS increases visual capacities in a
turbid environment in cuttlefish (S. officinalis, S. pharaonis,
and S. prashadi).

A powerful and simple way to study the visual capacities
of animals is to measure their optomotor response (OMR) to
different visual stimuli (mostly a screen with contrasted patterns
rotating around the animal, McCann and MacGinitie, 1965;
Groeger et al, 2005; Rinner et al, 2005). When presented
with a moving stimulus an individual exhibits unconditioned
movements of its eyes, head or whole body following the
direction of the moving stimulus (Darmaillacq and Shashar,
2008). OMR can be used to examine sensitivity to contrasts,
spectral sensitivity or PS (Darmaillacq and Shashar, 2008).
Cartron et al. (2013a) used OMR to show differences of visual
capacities based on intensity and polarization contrasts in young
cuttlefish previously reared in clear water (from hatching to
30 days of age). Sensitivity to contrast was high from the time
of hatching. By contrast, only 20% of individuals responded to
polarized stripes patterns at the hatchling stage but all responded
to the polarized signal at 1 month. This can be linked, at least
partially, to the delay between hatching and first prey catching
(Dickel et al., 1997).

Sepia officinalis, a common species, breeds, hatches, and
develops in the turbid water of La Manche (English Channel).
Up to now, developmental studies on cuttlefish vision (including
our own) have always been conducted on animals previously
reared in clear water. The present study will investigate the
development of visual capacities in young cuttlefish previously
reared in different water turbidities. We hypothesize that (1) In
turbid water, information based on intensity contrast will be less
well perceived than that based on PS. (2) Cuttlefish reared in
turbid water will develop PS faster and will consequently display
better vision in turbid water than those reared in clear water.
These results could provide valuable information about the water
quality standards to be used in cuttlefish rearing systems under
laboratory conditions according to current European regulations
(Directive 2010/63/EU).

METHODS

Animals

Eggs from the wild were collected from several egg batches in
Luc-sur-Mer/Villers-sur-Mer and Arcachon vicinities in France
(Normandy and Gironde, respectively). They were separated
and put randomly in baskets in shallow tanks at the Centre
de Recherches en Environnement Coétier (CREC, Luc sur Mer,
France). The system is an open system with a flow rate of
about one liter/min to avoid any recycling of turbidity. All
tanks were then supplied with running oxygenated clear sea
water at 19 £ 1°C. After hatching, cuttlefish were reared
for 1 month under three conditions: clear water (C), slightly
turbid water (LT), and highly turbid water (HT) in tanks
(40 cm x 60 cm x 32 cm) providing an enriched habitat
(artificial plants, stones, and shells). Each tank contained a
maximum of 30 animals at the same time. All tanks were
cleaned daily to avoid the proliferation of bacteria and waste
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matter. Cleaning was done when the water was clear to avoid
damaging the animals. The procedure was the same for all
groups. Then, one liter of seawater, without clay (C) or with
clay (LT and HT), was added each day. The amount of clay
was calculated to obtain a turbidity of 0.1 g/l (50-80 NTU)
in the LT and 0.5 g/l (300-400 NTU) in the HT. Turbidity
of the water of each tank was measured using a turbidimeter
(Turbidimeter 2016LM). Animals were fed daily ad libidum with
live shrimps (Crangon crangon) just after the daily turbidity
measurement. Sixty-two cuttlefish were tested at 7 days post
hatching (n = 20 for C and HT group and n = 22 for
LT group) and 30 other cuttlefish at 30 days of age post
hatching (n = 10 in each group). These ages were chosen in
accordance with Cartron et al. (2013a) that showed that the
visual system critically develops during the month of life. Animal
maintenance and experimentation were in compliance with the
Directive 2010/63/EU on the protection of animals used for
scientific purposes, and following the recommendations of the
3Rs (Fiorito et al., 2014).

Optomotor Apparatus and Behavioral
Tests

The optomotor system was described in detail in Darmaillacq
and Shashar (2008). In short, the method is based on evoking
conditioned OMR (eye or body movements) of cuttlefish with
the rotation of contrasting stripes. When rotated stripes are
perceived, the cuttlefish will follow the direction of the pattern
movements with its eyes or its whole body in order to stabilize the
moving visual field. Briefly, the optomotor apparatus consists of
a cylinder (40 cm diameter) rotated by a controllable, reversible
motor. The patterned screen was placed on the interior wall of
the cylinder and a light diffuser was put on the exterior wall.
In the center of the apparatus two glass cylinders (one holding
the animal, 12 cm diameter and the other containing either clear
or turbid water, 24 cm diameter) were placed on a stationary
platform. Adding another compartment to the Darmaillacq and
Shashar (2008) OMR device allowed us to test the visual ability
of young cuttlefish in both clear and turbid water. To avoid any
experimenter disturbance, the entire apparatus was covered with
an opaque curtain with a single hole for a video camera just
above the glass cylinder containing the animal. A LED band
placed around the tank with light diffusers provided uniform
and stable lighting of the pattern during the experiment. We
tested two patterns with 10 mm wide stripes: black and white
alternating stripes (BW) and polarized stripes (Pol). The latter
consisted of alternating stripes with different orientations of
linear polarization (see methods in Cartron et al, 2013a): 0°,
45°, 90°, and 135° (sheet #318, Frank Woolley & Co.). As a
control, cuttlefish were tested with a uniform sheet of gray paper
(G) (Figure 1). Preliminary tests showed the same OMR for
cuttlefish when using black and white alternating stripes or black,
white and two shades of gray alternating stripes used in Cartron
et al. (2013a). Thus it seems that the complexity of the pattern
did not interfere with the visual ability of cuttlefish. To check
whether the use of two glass cylinders in the apparatus could
interfere with stripe detection a video camera was put inside

the apparatus instead of the cuttlefish. The contrast between
the stripes was measured using Image] software and Michelson
formula for both stripes (BW and Pol). In clear water there was no
difference between contrasts measured through a single or double
cylinder (respectively, 43 and 37% contrast difference between the
polarized stripes).

Following Cartron et al. (2013a), each cuttlefish was gently
moved from its home tank to the experimental cylinder. It
was allowed 2 min to calm down before the beginning of
the experiment. Following preliminary tests, one speed 30°/s
was used for each pattern turning in two directions (clockwise
and counter-clockwise). Each cuttlefish was tested twice: first
surrounded by clear water and then by turbid water (0.1 g/l of
clay mixed with water i.e., low turbidity), in a random order.
For both conditions the cuttlefish was submitted to six trials
(three patterns x two directions x one speed) for a maximum
duration of 15 min each. Between tests in clear and turbid
water, the cuttlefish was supplied with new, oxygenated water
from its home tank (this water was taken before the turbid
event in order to keep the water in the experimental cylinder
clear for all groups). Patterns (BW, Pol, and G), directions
(clockwise and counter-clockwise) and conditions (turbid or
not) were chosen for each session (see the Figure 1 for a
combination example). The interval between two directions was
30 s. There were 1-min intervals between two patterns and 2-min
intervals between two conditions. Responses were considered
as positive when a cuttlefish followed the patterns over at least
180° in both directions and did not show any response to the
control sheet (G) ie., as in Cartron et al. (2013a) (Figure 1).
It must be specified that we were stricter in scoring than in
previous studies. A response was only considered to be positive
with at least a 180° rotation of the tested animal instead of
the 90° cutoff in Groeger et al. (2005) and Darmaillacq and
Shashar (2008). Furthermore, in the present study a response
was only considered to be positive when the animal responded
to both rotational directions, single responses being ignored
(for an example of a positive response see the video in
Supplementary Material).

Statistical Analyses

Data were analyzed using R version 3.5.2. Non-parametric
McNemar test for paired data with continuity correction was used
to compare responses between the two experimental conditions
(turbid or not) as well as the responses for the two patterns.
For comparison between the three groups a Fisher-Freeman-
Halton test (Fisher’s exact test for count data with simulated
p-value based on 10° replicates) was used in addition to a post-hoc
pairwise Fisher’s test with Bonferroni corrections. Comparisons
between ages were determined with Fisher’s test. Cutoff for
significance was decided as p < 0.05.

Ethics Statement

This research followed the guidance by Directive 2010/63/EU,
and French regulations regarding the use of animals for
experimental procedures, and was approved by the Regional
Ethical Committee Cenomexa [Project agreement num-
ber: APAFIS 2019100316587299 _V2 (#20662)]. The experiment
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FIGURE 1 | Optomotor apparatus and an example of a procedure for which the order was randomized. The apparatus consisted of a cylinder showing three
patterns (BW, black and white; G, gray; Pol, polarized stripes.) and rotated by a reversible motor placed on the inner wall of the apparatus. Two glass cylinders, one
holding the animal and the other with more or less turbid water, were placed on a stationary platform in the center of the apparatus. In the procedure, the external
cylinder was supplied with turbid seawater (condition 1) and for condition 2 the same experiment was done with clear seawater. Between the two conditions the
cylinder holding the animal was supplied with fresh oxygenated seawater.
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was designed to decrease animal distress by minimizing the
number of animal.

RESULTS

The OMR was recorded in three groups of cuttlefish: a control
group reared in constantly clear seawater (C group) and two
groups reared in turbid sea water; one group with low turbidity
(LT group) and one with high turbidity (HT group). All animals
were tested at two ages: 7 days and 1 month post hatching. To
assess the effect of turbidity on the development of luminance and
PS, we used two patterns, respectively, a BW pattern (black and
white stripes) and a Pol pattern (polarized stripes). A uniform
gray sheet served as a control pattern (no response expected).
Each pattern was tested in two experimental conditions: clear
water and turbid water.

At 1 month, the LT group had a somewhat higher survival rate
(C group survival = 87.5%; LT group survival = 95%; HT group
survival = 85%). Mean cuttlefish size (Dorsal Mantle Length,
DML) was slightly greater in the C group at both ages (at 7 days
C DML =10.9 + 1.1 mm, ncy = 20; LT DML = 10.8 + 1.0 mm,
nrr7 = 22; HT DML = 10.6 & 1.4 mm, nyr7 = 20; at 1 month C
DML =184 £ 1.5 mm, ncsg = 10; LT DML = 17.6 £+ 1.9 mm,
nrr3o = 10; HT DML =179 4+2.2 mm, nHT30 = 10).

In clear water all animals (both ages) showed sensitivity to
light intensity (BW) (Fisher-Freeman-Halton test, 7 days-clear
water, P = 1.00, n¢ = nyr = 20, and nyr = 22; 1 month-clear water,
P =1.00, nc = nyr = ngr = 10) (Figure 2).

However, in clear water PS improved with development,
especially in group C (Fisher test; P = 0.019, nc; = 20, and
nc3o = 10) (data not shown). At 7 days in clear water the response
rate was higher (70-80%) in HT and LT groups (70 and 80%,
respectively) with significant PS difference between the group
LT (80%) and the group C (30%) (P = 0.0044, nyr = 22, and
nc = 20) (Figure 2).

At 7 days and in clear water, the groups C and HT had
a higher response rate for the intensity pattern than for the
polarized pattern (McNemar test; C, x % = 12.07, df = 1, P < 0.001;
HT, % = 5.14, df = 1, P = 0.023, nc = nyr = 20) (data not
shown). At 1 month, this difference disappeared (McNemar test;
C, x2 =05,df = 1, P = 0.48; HT, y? = 1.33,df = 1, P = 0.25,
nc = nyr = 10) (Figure 2).

In turbid conditions sensitivity to intensity (BW) increased
with development (McNemar test; C, x> = NaN, df = 1, P = 1.00,
nc7 =20, and nesg = 10; LT, x2 = NaN, df = 1, P = 1.00, nypy = 22,
and ny73p = 10; HT, x? = NaN, df = 1, P = 1.00, nyr7 = 20,
and nyr30 = 10) (Figure 2). Indeed, under turbid conditions only
70% (group C) to 85% (group HT) of the 1-week old cuttlefish
showed a response. The groups C and LT had lower response rate
in these experimental conditions than in clear water conditions
(McNemar test; C, x2 = 4.17, df = 1, P = 0.041, nc = 20; LT,
¥%=4.17,df = 1, P = 0.041, n; = 22) (Figure 2).

Polarization sensitivity in turbid water was significantly lower
than in clear water (McNemar test; C-7 days, x> = 4.17, df = 1,
P = 0.042, nc; = 20; LT-7 days, ¥? = 16.06, df = 1, P < 0.001,
niry = 22; HT-7 days, ¥2 = 8.64, df = 1, P = 0.0033, nyry = 20;

clear turbid
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FIGURE 2 | The percentage of cuttlefish showing an optomotor response
under three rearing conditions. At 7 days post hatching, 20 cuttlefish were
tested in groups C and HT and 22 cuttlefish in group LT. At 1 month post
hatching, 10 cuttlefish were tested in each group. Fisher-Freeman—-Halton test
(Fisher’s exact test for count data with simulated p-value based on 10°
replicates) was used to compare the three groups, with the addition of a
post-hoc pairwise Fisher’s test with Bonferroni corrections. At 7 days in clear
water there is significant polarization sensitivity (PS) difference between the
groups LT (80%) and C (30%) (P = 0.0044).

C-1 month, x? = 6.13, df = 1, P = 0.013, nc3 = 10; LT-1 month,
x2=7.11,df =1, P = 0.0077, nyr39 = 10; HT-1 month, y? = 5.14,
df =1, P = 0.023, nyr30 = 10) (Figure 2). In fact, in turbid water,
at 7 days, no animal showed any OMR, with the exception of one
cuttlefish from HT group.

On the other hand, in turbid water the response rate for the
intensity pattern was always higher than for the polarized pattern
for all groups and both ages (McNemar test; C-7 days, x> = 12.07,
df = 1, P < 0.001, nc; = 20; LT-7 days, x? = 14.06, df = 1,
P < 0.001, nyr7 = 22; HT-7 days, % = 12.5, df = 1, P < 0.001,
nygr7 = 20; C-1 month, x2 = 8,1, df = 1, P = 0.0044, ncs = 10; LT-
1 month, x2 = 8,1, df = 1, P = 0.0044, nyr3o = 10; HT-1 month,
%% =8,1,df = 1, P = 0.0044, ngr30 = 10) (Figure 2).

DISCUSSION

The aim of this study was to investigate effects on their visual
capacities when rearing young cuttlefish in turbid or clear
water. Whatever the water turbidity in the rearing system, no
abnormal behavior (abnormal swimming, difficulty to catch prey,
skin discoloration or damage) was observed in any animal.
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However, the survival rate of juveniles was somewhat better
in cuttlefish reared with low turbidity than that of animals
kept in clear water.

When tested in clear water, PS improved with development.
This is in accordance with the results of Cartron et al. (2013a).
However, PS was significantly higher at 7 days in LT group
(Figure 2). One can hypothesize that exposure to turbid water
during early development can improve the development of PS in
cuttlefish. Since young cuttlefish mainly prey upon mysids, which
are transparent, the earlier their PS development, the higher their
predation success. Domingues et al. (2004) showed that when
fed transparent shrimps, rather than fish, young cuttlefish show
higher growth and survival rates under laboratory conditions.
As a consequence, constant use of clear water in a cuttlefish-
rearing system may reduce the need of PS improvement to
catch preys and may thus negatively impact PS development
of juveniles, and hence their fitness. In addition, low turbidity
may provide optimized conditions for reducing incoming light
from the rearing system, thus reducing individual stress. Low
turbidity may also facilitate concealment and mutual avoidance
between individuals.

When tested in turbid water, sensitivity to light intensity (BW
stripes) improved with development in all groups. However, the
higher the turbidity in the rearing system the better the light-
intensity sensitivity at 7 days. These results confirm for the
first time the link between turbid-water rearing conditions and
visual capacity improvement in young cuttlefish. However, in
nearly all cases, there was no response to the polarized signal
when tested in turbid waters. PS, more than light-intensity
sensitivity, seems to be specifically limited by the turbidity of
the water in juvenile cuttlefish. This is in contradiction with
a paper by Cartron et al. (2013b,c), according to which PS
improves vision in turbid water in 5-month old cuttlefish.
However, in the case in question turbid water was obtained
by mixing fine sand (Cartron et al., 2013a,b) whereas we used
clay in the present study. In water, partially polarized light is
subjected to scattering and absorption by content in suspension
(Lerner, 2014). These effects on PS were size- and concentration-
specific but not shape-specific [model with spherical particles
hypothesis from Lerner et al. (2012) succeeded in explaining
measured data in the field in Lerner et al. (2011)]. Fine
sand particles and clay particles vary in size (above 50 and
20 pm, respectively). Mie particles (spherical particles with a
size between 2 and 20 microns) depolarize the light (and reduce
the polarization contrast) whereas geometric particles (size
above 100 microns) increase partial polarization (Lerner, 2014).
Therefore, different types of sediment creating turbidity may
have a strong impact on the transmission of polarized signals.
Indeed, Bainbridge and Waterman (1958) showed that mysid
crustacean orientation with polarized stimuli improved with
water turbidity, and suggested that turbidity created an additional
intensity signal related to the polarization of the incoming light.
They further speculated that this intensity signal may have
overridden the original polarization signal and influenced the
shrimps’ behavior.

Our results are unexpected, suggesting that future studies
could examine their relevance to the real-life situation of

cuttlefish. On the other hand, turbid water may offer an
attractive environment for an ambush-predator like cuttlefish.
It is interesting to note that fishermen usually collect mysids
(cuttlefish preys) in turbid areas (Dickel personal observations
from different locations in Luc sur Mer and Galveston, TX
vicinities). In the present work, the conditions of turbidity
(episodic events) in the rearing tank were maybe less frequent
(once a day) than those experienced by wild juveniles in the
field. As a consequence, more animals may develop PS in their
natural environment. Turbid water in the field comprises a
mixture of different particles such as fine sand, clay, other
minerals and plankton and may well allow the cuttlefish to
use PS to visually discriminate between transparent prey, its
surroundings (Sabbah and Shashar, 2006; Johnsen et al., 2011)
and predators (Cartron et al., 2013b,c). Future studies should
explore the effect of water turbidity on PS when created with
two components (algae and clay for example) as well as the
single effect of each component. As an example, Nieman et al.
(2018) showed that visual detection thresholds of two fishes
(Notropis atherinoides and Sander vitreus) were more altered by
algal turbidity compared to sedimentary turbidity. This study also
demonstrated that the effect of combination treatment (algal and
sedimentary turbidity) not only slightly decreased the amount
of light (11%) when compared to the separate component (algal
turbidity reduced it by 42% and sedimentary turbidity by 35%)
but also green-shifted the light as with the algae treatment. As a
result it would be difficult to predict the water turbidity effect on
vision based only on the water turbidity concentration. However,
direct measurements of stripe contrasts in variegated turbidities
(using algae, sand, clay or combined ingredients) would provide
valuable information. To state the obvious, cuttlefish possess
a range of senses such as hearing (Komak et al., 2005) and
smell (Boal and Golden, 1999) which may be used in parallel or
alternately when one of the other senses is less efficient.

Multiple studies show that the environmental enrichment of
a home tank improves the visual abilities (Cartron, 2012) or
cognitive and memory skills (Dickel et al., 2000) of the cuttlefish.
Environmental enrichment consists of adding stones, sand,
shelters, and artificial plants but there is no study on how water
turbidity could have an effect on cuttlefish welfare and fitness. The
present study demonstrated that rearing cuttlefish in clear water
could alter PS development when compared to low turbidity
conditions. In addition low turbidity may reduce incoming light
from the rearing system, thus reducing individual stress. Low
turbidity may also facilitate concealment and mutual avoidance.
It should be noted that a study by O'Brien et al. (2016) showed no
difference in either predation or camouflage behaviors between
cuttlefish reared in the wild (until 2 weeks before hatching) and
those reared in clear water in laboratory conditions. However,
there was an exception with a uniform pattern, when laboratory-
reared cuttlefish produced better camouflage on a uniform
background than those from the field). But in the latter study,
the wild cuttlefish spent only the first part of their embryonic
development in their natural environment, which may not have
been sufficient to elicit behavior plasticity. The present study
suggests that creating slight turbidity, possibly as a temporary
change of the visual context, may improve rearing conditions for
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young cuttlefish. Further study is necessary to assess the long-
term effects of rearing-system water turbidity on the sensory
skills and behaviors of juvenile and adult cuttlefish. Such a study
would first also help to determine the maximum turbidity level
the cuttlefish can tolerate (to maximize survival). Second, it has to
be checked that the turbidity of the water brings an actual increase
of cuttlefish survival (assessed by daily measurement of cuttlefish
size, food consumption, survival rate at each age), which would
counterbalance the cost for extra maintenance (more cleaning
due to the sediment in the pipes, tanks, etc.).
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The speed of adaptive body patterning in coleoid cephalopods is unmatched in
the natural world. While the literature frequently reports their remarkable ability to
change coloration significantly faster than other species, there is limited research
on the temporal dynamics of rapid chromatophore coordination underlying body
patterning in living, intact animals. In this exploratory pilot study, we aimed to
measure chromatophore activity in response to a light flash stimulus in seven squid,
Doryteuthis pealeii. We video-recorded the head/arms, mantle, and fin when squid
were presented with a light flash startle stimulus. Individual chromatophores were
detected and tracked over time using image analysis. We assessed baseline and
response chromatophore surface area parameters before and after flash stimulation,
respectively. Using change-point analysis, we identified 4,065 chromatophores from 185
trials with significant surface area changes elicited by the flash stimulus. We defined
the temporal dynamics of chromatophore activity to flash stimulation as the latency,
duration, and magnitude of surface area changes (expansion or retraction) following
the flash presentation. Post stimulation, the response’s mean latency was at 50 ms
(£ 16.67 ms), for expansion and retraction, across all body regions. The response
duration ranged from 217 ms (fin, retraction) to 384 ms (heads/arms, expansion).
While chromatophore expansions had a mean surface area increase of 155.06%,
the retractions only caused a mean reduction of 40.46%. Collectively, the methods
and results described contribute to our understanding of how cephalopods can
employ thousands of chromatophore organs in milliseconds to achieve rapid, dynamic
body patterning.

Keywords: cephalopod, chromatophore, camouflage, communication, body pattern, startle response, light flash
stimulation, temporal dynamics
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INTRODUCTION

Unlike the slower chromatophore control of flatfish (2-8s;
Ramachandran et al., 1996), coleoid cephalopods can change
body patterns in milliseconds. For decades, scientists in
the field of cephalopod vision have focused on the goal
of creating a complete characterization of the sophisticated
coleoid body patterning abilities. As a result, existing reports
are sufficient to describe and explain several known body
patterns in cephalopods for camouflage and communication
(Hanlon and Messenger, 1988; Hanlon, 2007; Langridge et al.,
2007; Zylinski et al., 2009; How et al., 2017). Nevertheless, a
theoretical framework on cephalopod body patterning, which
does not include the dimension of time, will be inherently
inadequate in modeling, holistically, the range of dynamic,
rapid transformations observed in animals living in the wild.
One approach toward studying this topic is by stimulating
the visual system of a living, intact animal, using a light
flash to elicit muscular activation of chromatophores, and
quantifying the response dynamics by tracking surface area
changes in time.

Experiments conducted in the Gilly laboratory revealed
how light flashes elicit startle jet-escape responses in squid,
Doryteuthis opalescens (Berry, 1911). The brief, intense light
stimulus activates the central nervous system (CNS) at the
magnocellular and palliovisceral lobes, which relay information
to the stellate ganglia to modulate forceful muscle contractions
of the mantle expelling water through the funnel in the
process (Otis and Gilly, 1990; Gilly et al, 1991; Gilly and
Lucero, 1992; Neumeister et al, 2000; Preuss and Gilly,
2000). Within the stellar nerve, a group of non-giant motor
axons innervates chromatophore muscles (Ferguson et al.,
1988). In one of these studies (Neumeister et al., 2000),
which investigated the effects of temperature on escape
responses in restrained squid, the flash stimulus produced
transient chromatophore expansions. Responding to the light
flash startle stimulus, animals exhibited a robust jet-escape
startle response with transient chromatophore expansions.
However, when light intensity was decreased by “positioning
the flash unit further from the squid” (Neumeister et al.,
2000, p. 551), the animal showed chromatophore expansions
as sub-jet-threshold startle responses (in the absence of jetting).
Squid are a useful species for studying chromatophores
because they have fewer and larger chromatophore organs
(density: 8 mm ™2, maximum diameter: 120-1,520 pm; Hanlon,
1982) compared to octopus (density: 230 mm™2; maximum
diameter: 300 pm; Packard and Sanders, 1971) and Sepia
(density: 35-50 mm™2; maximum diameter: 300 wm; Hanlon
and Messenger, 1988), offering a simpler model to study
chromatophore control.

The Neumeister et al. (2000) study validates a reliable
method of using flash stimulation and video-recording the skin,
from a close-up perspective, to investigate the synchronicity
of chromatophore activity at the single-organ level in squid.
Since studying chromatophore response dynamics across all
body regions was not the study’s primary focus, chromatophore
expansions only on the mantle were reported. For this

exploratory pilot study, we aim at replicating the sub-jet-
threshold behavioral responses to flash stimulation with a
different species, Doryteuthis pealeii (Lesueur, 1821), to examine
the mechanisms and temporal dynamics of the sensorimotor
system underlying chromatophore control in intact animals
(Hadjisolomou, 2017). Due to ethical and logistical issues
involved with long-distance transportation of D. opalescens for
experimentation, D. pealeii was chosen as this species is available
to be studied in Woods Hole, Massachusetts.

Further, in addition to the mantle, we expanded observations
to include chromatophore activity from the understudied
regions of the arms, head, and dorsal fin (Figure 1). Young
(1976) reported on the CNS control of chromatophores in
D. pealeii, elaborating that separate chromatophore lobes in the
brain control different body regions. Specifically, the posterior
chromatophore lobes (PCL) mainly control chromatophores
on the mantle and fin regions, while chromatophores on
the arms and head are primarily controlled by the anterior
chromatophore lobes (ACL) and pedal lobes (PL). Axons
from the PCL connect without a synapse to chromatophore
organs through the pallial nerve. Electrode stimulation of
PCL neurons in Lolliguncula brevis (Blainville, 1823) causes
chromatophore expansion on the mantle and fin (Dubas
et al, 1986), but it did not result in retraction of any
expanded chromatophores. Both species are part of the same
family, Loliginidae (Lesueur, 1821), and have anatomical
similarities (Diaz-Santana-Iturrios et al., 2019), thus allowing for
approximations between them. We chose these body regions to
observe any discrepancies in timed responses due to circuitry
differences. By video-recording all body regions in intact, living
squid, we quantified the temporal dynamics from light flash
stimulation to expansions and retractions at the single-organ
level across thousands of chromatophores. Similar to the Reiter
et al. (2018) study, which used unrestrained European cuttlefish
(Linnaeus, 1758), we measured chromatophore activity from

FIGURE 1 | D. pealeii (mantle length approximately 14 cm) expressing
disruptive body patterning with some chromatophores expanded (dark
bands), while others are retracted. Numbers indicate the different body
regions measured in the study: 1 = head/arms, 2 = mantle, and 3 = fin.
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unrestrained squid. The procedures and methodologies described
below enable non-invasive data collection of chromatophore
activity from living animals to study behavioral responses in
intact organisms.

METHODS

Animals

Adult D. pealeii were collected from coastal waters near Woods
Hole, Massachusetts, US, in 2014. From large population holding
tanks, eight healthy animals (mantle length: 12-15 cm; unknown
sex and age) without any visible physical injuries were selected
for inclusion. We transported individual squid and housed them
togetherina2m x 1.5m X 1 m rectangular, light-brown opaque,
fiberglass housing chamber connected to an open, temperature-
controlled (17-19°C) seawater system. Gravel and sand on the
bottom of the housing tank provided a natural substrate for
animals to settle. Animals were fed twice a day on an ad libitum
diet of live Fundulus fish and crabs'.

Experimental Design

Here, n refers to the number of different body regions examined
(head/arms, mantle, and fin). Each body region, therefore, was
considered to be an experimental unit. The study was a within-
subjects design consisting of one group of three experimental
units, and there were eight animals. One animal was excluded
due to a lack of significant chromatophore responses from data
analysis (see “Results” section).

Procedure

Experimental Set-Up

To collect measurements, we constructed a rectangular rig
covered with a layer of black cloth and an additional layer of an
opaque, black tarp to prevent light from entering.

Experimental Tank and Acclimation

The rectangular experimental tank, measuring 53 cm X 43 cm
x 18 cm, consisted of white, opaque plastic walls containing
10 L of seawater (Figure 2). For each trial, one squid was
placed within the experimental tank inside the rig. To establish
habituation to the experimental apparatus, each squid was placed
in the experimental tank for 10 min then returned to the
group home tank, 24 h before experimental trials began. We
created a white “V-shaped” partition configuration to enable
the squid to settle naturally at the bottom of the tank, thus
preventing chromatophore displacement outside of the camera
frame. We placed an overhead light source at a 45° angle
to illuminate the animal for video recording. The ambient
light and visual environment determined the chromatophore’s
state (expanded or retracted) before light flash stimulation.
The animals adopted a lighter skin tone to camouflage in the
white, uniformly lit tank during trials. Thus, to allow for a
lighter skin tone, most chromatophores were retracted before
flash stimulation.

!See Supplementary Material for the Ethical Note and Experimental Controls
sections.

4

&8

FIGURE 2 | Diagram of the experimental tank set-up, measuring

53 cm x 43 cm x 18 cm (situated inside the rig; external rig structure and
black tarp and opaque covers not shown). The flash unit (1) providing the
visual startle stimulus was fixed on the rig at a right angle and 50 cm above
the animal (4). The camera (2) and light source (3) were at a 45° angle above
the animal. The white “V-shaped” partition configuration (5) enabled squid to
settle naturally at the bottom of the white, rectangular tank (6).

Startle Stimulus and Sub-Jet-Threshold Startle
Response

Animals were presented with light flashes to elicit the startle
reflex response. To deliver the startle stimulus in a top-
down direction, a Canon SpeedLite 580EX-RT flash unit was
fixed on the rig at a right angle and 50 cm above the
animal. Similar to the Neumeister et al. (2000) study, we
found that D. pealeii have jet-escape startle responses and
transient chromatophore expansions to intense light flashes.
For this study, the duration of each light flash stimulus
was ~100 ps, with an illuminance of 12,500 Ix, providing
an even exposure of the stimulus on the animal from this
distance. The entire animal was illuminated, but we video-
recorded only one specific body region per trial for analysis.
The stimulus was sufficient in producing muscular contraction
but well below the jet-escape sensory threshold to minimize
jetting. Thus, this study’s behavioral responses comprised of
chromatophore expansions and retractions to light flashes in the
absence of jetting.

Experimental Trial Procedure

Once in the experimental rig, animals were allowed to
procedurally acclimate and settle on the bottom of the tank,
as evidenced by the animal remaining motionless for at least
5 min. Once an animal habituated, it received a sequence of
approximately 90 flashes. For this study, we used a 10-s inter-
stimulus interval (ISI), which does not cause attenuation due to
learning, fatigue, or a combination of both (Otis and Gilly, 1990).
With an ISI of 10 s, the total sequence duration lasted for 15 min
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per body region and each region was tested during different
sessions. The duration and ISI were tested in preliminary trials
and found to be appropriate for the purposes of this study. The
rationale was to reduce testing sessions and have only one per
body region since 15 min were sufficient.

Each flash stimulation was considered an individual trial. The
purpose was to elicit the sub-jet-threshold startle response. Each
animal received 90 trials for each of the three body regions, for a
total of 270 trials for each of the eight animals, thus 2,160 trials
in total. One body region per animal was tested at a time (we
counterbalanced the order of the body regions tested per animal).

For details on video-recording, scoring, image analysis, and
statistical analysis see Supplementary Material.

RESULTS

Chromatophore Surface Area Changes

Following Light Flash Presentation
Out of the 2,160 total trials, 230 were suitable to be analyzed
by Change Point Analysis (CPA) (Taylor, 2000). Based on
CPA, 185 were identified to have significant chromatophore
surface area changes. A total of 4,065 individual chromatophores
responded to the startle stimulus with either transient expansion
or retraction of the pigment. These chromatophores were
further analyzed to characterize response activity pre- and post-
stimulation. The remaining 45 trials showed no significant
responses by CPA and were excluded, including all Squid #8 trials
and all expansion trials in Squid #3.

Additionally, the numbers of trials with chromatophore
responses were not equivalent across squid (Squid #2,

for example, did not show any retraction responses
in any trials). Furthermore, not all squid had all body
regions significantly responding to the flash stimulus,

and in other cases, there were trials with both significant
expansion and retraction instances on the same body region.
Thus, there is an unequal distribution of chromatophore
numbers and body regions represented in the data (see
Supplementary Figures 2-5).

The discrepancies in this dataset are the observed behavioral
differences between animals; a few animals would swim back
and forth often enough to invalidate significant parts of the
footage. Additionally, trials were excluded in the process of image

analysis if the software was unable to detect chromatophores
(Hadjisolomou and El-Haddad, 2017). In such cases, image noise
due to fluctuations of color and luminance created artifacts
that interfered with chromatophore detection and tracking.
However, each significant expansion or retraction followed
the same pattern regardless of which body region or squid
showed the response.

Chromatophore Expansion

Out of the 185 trials with significant chromatophore surface area
changes (from seven animals), 166 (thus, 90% of these trials)
showed expansion following the flash stimulus (six animals). Out
of these, the head/arms region had 85 trials (Squids #1, 5, and 7),
followed by the mantle with 50 (Squids #1 and 4-7), and then the
fin with 31 (Squids #2 and 5-6).

Within these 166 trials, 4,000 (98% out of the total
4,065) chromatophores showed significant expansion. On the
head/arms, there were 1,598 chromatophores; from the mantle,
there were 1,743; and on the fin, there were 659.

Chromatophore Retraction

The remaining 19 trials showed significant chromatophore
retractions following the flash stimulus (six animals). The
head/arms had nine trials (Squids #1, 3, and 7), the mantle eight
(Squids #1 and 4-6), and the fin had two (Squid #1).

Within these 19 trials, we tracked and measured 65
chromatophores showcasing significant retraction. On the
head/arms, there were 39 chromatophores; from the mantle 21;
and on the fin, there were five.

Descriptive Statistics of Transient

Responses

Temporal Dynamics

We calculated descriptive statistics on the temporal dynamics
of chromatophore surface area changes following the startle
stimulus (see Table 1 and Figure 3). We estimated each value
with an estimated margin of error of & 16.67 ms, determined
by the inter-frame interval when recording at 60 frames per
second frequency.

Magnitude of Response
We calculated the magnitude of chromatophore expansion or
retraction activity by comparing peak response values of response

TABLE 1 | Descriptive statistics of temporal dynamics in milliseconds (ms).

Response time (tR) Delay time (tD) Rise time (tRt) Response duration (rD)
Expansion Retraction Expansion Retraction Expansion Retraction Expansion Retraction
(ms) (ms) (ms) (ms) (ms) (ms) (ms) (ms)
Head/Arms 50 50 83 83 117 117 300 267
Mantle 67 67 117 100 150 150 384 250
Fin 67 67 100 117 134 134 334 217

Response time (tR) is the time to reach or pass the 5% value of the maximal response;

delay time (tD) is the time to reach or pass the 50% value of the response; rise time (tRt) is the time required to reach the 100% value of the response; response duration

(rD) is the time between the 5% values of response before and after the peak.
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FIGURE 3 | Temporal dynamics (in milliseconds) of chromatophore expansion and retraction across body regions. Surface area values are relative to the average
pre-flash chromatophore surface area (1 = average of pre-flash chromatophore surface area; values above 1 = expansion, values below 1 = retraction). Negative
values of milliseconds indicate time before the light flash presentation, O indicates flash presentation, positive values indicate time after the light flash presentation
(The two frames containing the flash stimulus, t = 0 ms and t = 17 ms, were removed from analysis due to the animal not being observable).

chromatophore surface area (RCSA) with the pre-flash baseline
chromatophore surface area (BCSA) (Figure 3).

Expansion
On average, the relative chromatophore surface area increased
by 155.06% across all body regions (4,000 chromatophores).
Specifically:

Head/arms: 159%

Mantle: 168%

Fin: 116%

Retraction
On average, the relative chromatophore surface area decreased by
40.46% across all body regions (65 chromatophores). Specifically:
Head/arms: 43%
Mantle: 46%
Fin: 50%

DISCUSSION

In this exploratory pilot study, we systematically elicited
behavioral responses using a light flash stimulus in intact, living
squid and analyzed the temporal dynamics and magnitude of
thousands of chromatophore surface area changes at the single-
organ level. Here, we report a replication of the following
Neumeister et al. (2000) findings using a different squid species.
D. pealeii with uniform light skin patterns before stimulation
responded to flashes with jetting and chromatophore expansion
and lower flash intensities triggered transient darkening in the
absence of jetting. Our results demonstrate that it is feasible to use
intact, living animals, to measure, non-invasively, the temporal
dynamics of chromatophore control during body patterning.

We also report the following novel observations: this is the
first record of chromatophore activation to light flash stimulation
on regions other than the dorsal mantle; our videos show
chromatophore activation on the head, arms, and fin, in addition
to the mantle. Also, for the first time, we show chromatophore
retraction to light flash stimulation: chromatophores that were
expanded before stimulation (such as dark bands on the
mantle or expanded chromatophores on the head) responded
with a transient retraction. Further, we observed synchronous
chromatophore expansion and retraction on different parts of
the mantle in the same trial (for example, chromatophores on
dark bands on the mantle contracted, while chromatophores on
light skin expanded).

The general temporal dynamic patterns emerging from this
data are the following: the speed of expansion and retraction
activation was the same across body regions. Differences in
response durations were not dependent on the magnitude
of response. Finally, the head/arms were faster in most
measurements compared to other body regions. The short
latencies reported here are suggestive of a reflexive component
of the response.

Light Flash Stimulation Elicits
Sub-Jet-Threshold Responses in

D. pealeii

Chromatophore Expansion

Packard and others have described how flashes of light can
elicit responses in chromatophores from dissected octopus skin
(Packard and Brancato, 1993; Ramirez and Oakley, 2015). More
relevant to this study, Neumeister et al. (2000) reported how light
flashes elicit sub-jet-threshold chromatophore expansion in the
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squid D. opalescens. In agreement with the Neumeister study
findings, we demonstrate that the presentation of light flashes
elicits chromatophore expansion in a different squid species,
D. pealeii. Also, we validate a method to measure chromatophore
activity from unrestrained squid.

Chromatophore Retraction

This is the first study to report chromatophore retraction in
response to presentation of a light flash stimulus. Comparing
the two different types of chromatophore activity, expansions
and retractions, enables a more thorough characterization of
the sensorimotor system since the mechanisms underlying each
type of action are not well understood. However, out of 4,065
chromatophores analyzed, only 65 showed retraction. As stated
in the “Experimental Tank and Acclimation” section, only a
small number of chromatophores were expanded in the original
experimental set-up. Therefore, chromatophores responded in
the only possible outcome given their original state: retracted
chromatophores expanded and expanded chromatophores
retracted. These findings demonstrate the methods validity
in studying the retraction mechanism, an essential part of the
chromatophore system in rapid body patterning.

Characterization of Temporal Dynamics

of Sub-Jet-Threshold Responses

Response Time (tR)

Our findings indicate similarities when comparing expansion
with retraction and between the different body regions. The
average response time to reach or pass the 5% value of the
maximal response was 50 ms (£ 16.67 ms). This was identical
across all body regions and between expansions and retractions.
These results echo the timing of the startle response mentioned
in previous studies (Neumeister et al., 2000; Mooney et al., 2016).
Based on these findings, the speed of the onset of rapid body
patterning in squid is characterized by a latency of 50 ms.

Delay Time (tD)

When measuring the average time to reach or pass the 50%
value of the response, the head/arms is faster in reaching this
mark than the other two body regions in both expansions and
retractions. We believe this difference can be explained by the
fact that chromatophores on this body region are controlled by
separate lobes (ACL and PL; Young, 1976), and thus the temporal
discrepancies may be due to the circuitry. The differences
between fin and mantle timings average out when we aggregate
data for both expansion and retraction.

Rise Time (tRt)

The rise time to reach the 100% value of the response peak is the
same within body regions in expansion and retraction, though
there are differences between regions. Thus, each body region has
specific temporal benchmarks of maximum response regardless
of the chromatophore change type. The chromatophores on
the head/arms are the fastest between body regions, followed
by the fin in second place, and lastly, the mantle. Considering
the slight differences in the magnitude of response between the
body regions, it is surprising that the chromatophores on the

head/arms are about 33 ms faster than those on the mantle.
The time difference may not be explained due to response
magnitude since these two body regions are almost identical in
that dimension. The circuitry’s differences (Young, 1976) may
explain these temporal discrepancies on the head/arms (ACL and
PL) compared to those of the mantle (PCL).

Response Duration (rD)

Most discrepancies were found in the response duration, the time
between the 5% values of response before and after the peak,
between and within body regions when comparing expansion
and retraction. We calculated the duration by finding the time
difference between the initial response and the return to the
pre-flash state following the peak response. Across the type of
responses and body regions, chromatophore change duration is
short, between 217 and 384 ms. Compared to color changes seen
in other species (Ramachandran et al., 1996), the sub-second
cephalopod chromatophore change is unparalleled.

When it comes to expansion, the chromatophores on the
head/arms are the fastest to complete the response and reach pre-
flash surface area values at 300 ms, followed by the fin (+34 ms)
and the mantle (-84 ms). A different pattern was observed with
retraction responses: chromatophores on the fin had the shortest
duration of response at 217 ms, followed by those on the mantle
(433 ms), and lastly by those on head/arms (+50 ms).

It is worth noting that the response duration was the only
dimension in which retraction had a shorter overall interval
than expansion. For example, the most prolonged response
duration during retraction (267 ms) was still faster than the
briefest response duration in expansion (300 ms). One reason
to explain this phenomenon is that chromatophore expansion
and retraction may depend on separate mechanisms; during
expansion, the surrounding radial muscles pull and expand the
pigment (Bell et al., 2013). The retraction mechanism, however,
is still not fully understood.

Characterization of the Magnitude of
Sub-Jet-Threshold Responses

Results indicate differences between the scale of chromatophore
surface area changes when a chromatophore expands or retracts.
While the surface area increased 155.06% on average during
an expansion, the retraction only caused a 40.46% decrease. As
discussed in the “Response Duration” section, one reason for
this may be the different mechanisms involved in expansion
compared to retraction.

Other  discrepancies were found when analyzing
chromatophores across the body regions. The mantle and
head/arms showed the largest surface area expansions with 168%
and 159% corresponding changes, respectively. The fin had a
116% increase on average. It is unclear why there is a close to 50%
difference between the fin and the other regions. This may be due
to differences in the type and distribution of chromatophores on
the fin compared to the head/arms and mantle when it comes
to body patterning. It is necessary to investigate further if fin
chromatophores do not expand as much as those on the mantle
and head/arms and why that would be the case.
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LIMITATIONS AND FUTURE DIRECTIONS

Unequal Distribution of Trials Between

Body Regions and Animals

The number of trials with significant chromatophore responses
was not equal per body region within each animal nor between
animals, and thus there was an unequal distribution of body
regions and chromatophores represented in the dataset. This
unequal distribution precludes the possibility to run statistical
analyses in determining significant differences in the temporal
dynamics and magnitude of responses. Also, due to ethical
considerations, we determined that a larger number of animals
to be used was not well-warranted. For future studies, we advise
scheduling shorter trials over several days so more data can be
collected from fewer animals.

Unequal Number of Significant Surface
Area Changes Between Expansion and
Retraction

Out of the 4,065 chromatophores showing significant responses,
only 65 showed retractions. The small sample size makes it
difficult to generalize the retraction results. To promote the
animal adopting a darker skin tone, we ran additional pilot
trials using black tanks and white gravel to generate visual
contrast between the substrate and walls. The contrast increased
the probability of squid expressing a disruptive or uniformly
dark pattern. When squid experienced light flashes while having
dark patches of skin, we observed more retractions. However,
attempting to replicate these trials using black tanks within the rig
was impossible due to the video frames’ noise resulting from less
visibility. Future studies on chromatophore retraction may utilize
visual contrast in the environment and appropriate equipment to
remove videography noise.

Potential Extraocular Chromatophore

Responses

The overall results of our study showed that the response time
(tR) was in line with timings from Otis and Gilly (1990).
They argue that “[tlhe 50-ms delay for giant axon excitation
in the startle-escape is similar to that for mantle contraction,
indicating that the major source of behavioral delay lies in
the central nervous system and not in conduction time along
the giant axon (<10 ms) or muscle activation” (p. 2912).
Thus, we may conclude that squid chromatophore responses are
dependent on the CNS. To test the possibility that squid skin
responds directly to light flashes, we used flash stimulation with
a recently deceased squid from the main population holding
tank. The squid showed spontaneous chromatophore activity
before stimulation, and the aim was to observe if there were any
extraocular chromatophore responses to the flash stimulus. We
found no discernible changes due to stimulation. However, since
we only used one deceased squid to test this, we cannot exclude
the possibility that extraocular responses may have contributed to
chromatophore activity changes in this study.

CONCLUSION

In the natural world, cephalopods are renowned for the dynamic
range and speed of adaptive body patterning used in camouflage
and communication. In this exploratory study, we used a
light flash stimulus to elicit transient chromatophore surface
area changes to quantify the chromatophore system’s temporal
dynamics in living, intact animals. Our measurements here verify
the early onset of the sub-second chromatophore changes in body
patterning with an unparalleled speed. Based on our findings,
we argue that measuring the temporal dynamics of complete
behavioral responses during body patterning in intact, living
animals is a feasible and essential addition to studies using excised
isolated skin of subjects. The unexpected differences between
body regions and expansion and retraction responses exemplify
the need to continue this research line. Such details of timing
the temporal dynamics are essential for comprehensive and
quantitative descriptions of body patterning. The methodology
and findings described in this study collectively contribute to
our understanding of how cephalopods can employ thousands
of chromatophore organs within milliseconds for rapid, adaptive
body patterning.
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